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The Conference on Propellant Tank Pressurization and. S t ra t i f ica t iou ,  
sponsored by the Propulsion and Vehicle Engineering Laboratory, George c. 
Marshall Space Flight Center, w a s  held to  promote t h e  d i rec t  exchange of 
technical information between government zgencies and indu3:ries. 
Emphasis w a s  on propellant tank pressurization and s t ra t i f ica t ion ;  the 
presentations covered significant topics on propellant tank thermodyna- 
m i c s ,  pressurization system and component design, mechanics of s t r a t i f i -  
cation, s t r a t i f i ca t ion  reduction, instrumentation, and the behavior of 
propellants under conditions of reduced gravity. 

The conference w a s  planned to  inform those organizations that  are i n  
Some 200 engineers a position t o  benefit from the information discussed. 

and sc ien t i s t s ,  having major responsibil i t ies i n  the design and develop- 
ment of propellant feed systems for launch and space vehicles, attended 
t h i s  conference, representing industry, NASA, and other government agencies. 

The sponsors of the conference wish t o  thank a l l  companies and 
The individuals who contributed toward the success of the meeting. 

special  interest  and guidance of M r .  Hans G .  Paul, Mr. Charles C. Wood 
and M r .  M w  E. Nein, Propulsion Division, Propulsion and Vehicle 
Engineering Laboratory, are gratefully acknowledged. 

F. B. CLINE 
Acting Director, Propulsion and 
Vehicle Engineering Laboratory 
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ANALYTICAL INVESTIGATION OF SOME IMPORTANT PMWETEEE 

IN TKE PRESSURIZED LIQUID HYDROGEN TANK OUTFLOW PROBLEM 

by Williem H. Roudebush and David A .  Mandell 

Lewis Research Center 

Cleveland, Ohio 
National Aeronautics and Space Administration 

IXI!RODUCTION 

Idany factors influence the amount of gas required to pressurize a cryo- 
genic propellant tank during the period of outflow. Besides the tank volume 
and the temperature and pressure of the incoming gas, other factors such as out- 
let flow rate, gas-to-wall heat-transfer coefficient, mass and specific heat of 
the tank wall, a d  the gas specific heat must be considered. A systematic ex- 
perimental investigation of these individual factors is wry difficult for liquid 
hydrogen. It is desirable, therefore, to attempt anelyticdly to determine the 
relative significance of the’various parameters. 

An analysis of the tank pressurization problem for a cylindrical tank was 
made at Lewis Research Center (ref. 1). 
based on a rather restrictive set of physical assumptions. m e n  for the simple 
model the resulting differential equations were quite complex and a numerical 
solution was clearly indicated. The details of the numerical solution were worked 
out and a computer program was developed. 
with experimental results for a number of cases and the agreement was shown to 
be surprisingly good in view of the restrictive assumptions. 

A simple one-dimensional model was used, 

Results of the analysis were compared 

The good agreement appeared to justify the use of the computer program for 
investigating systematically the various parameters affecting the pressurization 
problem. 
tail in a forthcoming report (ref. 2 ) .  
of the assumptions involved is given in the present paper. 

T h i s  investigation was carried out and the results are presented in de- 
A brief discussion of these results and 

ANALYSIS 

The analysis is restricted to the cylindrical portion of the tank (fig. 1) 
and only the period of time during which outflow occurs is considered. 
tain assumptiocs are made in an attempt to simplify the analysis and shorten the 
subsequent numerical solution while still retaining the most important features of 
the problen. 

Cer- 

A list of the assumptions and a discussion of their validity follows: 

(1) The ullage gas is nonviscous. 

(2 )  The velocity of the ullage gas is parzllcl to the tank axis and varies 
only in the axial direction. 

TM X-52074 
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(3) The tank pressure varies only with tlme. 

(4) The ullage gas temperature varies only i n  the a x i a l  direction. 

( 5 )  The tank w a l l  zemperature varies only in the axL:L direction. 

(6) No heat i s  transferred -ally in ei ther  the gas or the wall. 

( 7 )  No condensation or evaporation OCCUTB. 

a 

( 8 )  No heat i s  transferred at the liquid interface or at the top of 

the tank. 

W i t h  these assumptions the problem i s  reduced t o  a one-dimensional, nonsteady, 
nonviscous flow of the ullage gas with heat transfer t o  the tank w a l l .  

Although the problem is clearly not one-dimensional ( rad ia l  flow must 
take place as the gas enters the tank), it is  necessary t o  simplify the 
equations- 
gas enters the tank uniformly a t  x = 0 ( f ig .  1) and proceeds downward with a 
velocity that varies with time and ax ia l  location only; that is, no mixing of 
the  ullage gas occurs. 

Therefore, assumptions (1) and (2)  st ipulate  that the pressurizing 

- Assumption (3) i s  l ike ly  t o  be sa t i s f ied  closely because of the low gas 
density and 9paU change i n  gas xncmentum f ' r an  top t o  bottom of the tank. 

Assmnption (4) ar i ses  from experimental resu l t s  obtained at Lewis with a 
The assumption may not be valid for cylindrical  tank having a l o w  heat leak. 

other circumstances. 

Assumption ( 5 )  is adequate fo r  th in  metal tamk w a s .  

Assumption ( 6 )  ar i ses  fran the l o w  conductivity of the ullage gas and 
the s m a l l  thickness of the tank w a l l .  

Assumption ( 7 )  appeared t o  be jus t i f ied  by early data taken at Lewis. 
Recently taken data, however, put the  assumption i n  doubt.. 
results, especially on lar6er tanks, are needed t o  evaluate this assumption 

More experimental 

Properly. 

Assumption ( 8 )  has not been verified. 
which the heat t ransfer  t o  the top of the tank, at least, cannot be ignored. 

There are l ike ly  t o  be some cases i n  

W i t h  these assumptions, the d i f fe ren t ia l  equations that govern the pressuri- 
zaliion problem can be writ ten (see ref. 1 for deta i l s )  

6 



(All symbols are defined i n  the appendix.) 
t ia l  equations i n  the tkiee unknowns 
boundary conditions are also required t o  determine a solution: 

In addition t o  these three differen- 
T, Tw, and u, the following i n i t i a l  and 

(1) A t  the start of outflow, the gas and w a l l  temperature distributions 
must be given. 

(2) The variation during outflow of the incaming gas temperature, the tank 
pressure, the outlet  flow rate,  and the gas and w a l l  temperatures at the in te r -  
face must  be prescribed. 

Furthermore, the heat-transfer coefficient must be supplied, e i ther  by an 
equation relat ing it t o  f lu id  properties or by using appropriate experimental 
values. 

NUMERICAL SOLUTION 

A f i n i t e  difference solution of equations (1) t o  (3) w a s  programned i n  
Fortran IV f o r  use on an D M  7094-11 cmputer. 
were used resulting i n  a nonlinear s e t  of algabraic equations that were expl ic i t  
i n  the unknown variables. 

Backward difference equations 

The time ste? A t  i s  related t o  the space step Ax by the requirement 
tha t  

At = $ 
where uL(t) i s  the velocity of the l iquid surface. This r e s t r i c t ion  on A t  i s  
used t o  keep the net spacing Ax constant as the solution progresses. (It i s  
not a condition f o r  s t ab i l i t y  cf the numerical solution and it does not resu l t  i n  
unusually s m a l l  values of A t ) .  
of problems and no numerical i n s t ab i l i t y  has %,en encountered. 

The program has been run over a very wide range 

!he output of the computer program i s  the dis t r ibut ion of gas and w a l l  tem- 
peratures at any desired tFme during outflow. 
each instant i s  also determined. 
the x-direction f o r  covering the ent i re  length of the tank. 
sented i n  reference 1 averaged 24 seconds of computer time per solution. 

The pressurant mass required at 
A typical solution uses about 200 net points i n  

The 1 9  solutions pre- 



In reference 3 the authors repopt same of the r e su l t s  of a systematic 
series of l iquid hydrogen expulsion experiments. 
in diameter and 89 inches i n  overall length with dished head ends. 
fuser was used at the inlet. The tank w a s  constructed of 5/16-inch 304 stainiess- 
steel p la te  and. w a s  vacuum jacketed. 
i n  reference 3, provided a re lat ively significant heat sink i n  some of the e q e r i -  
ment 6 .  

The tank used w a s  27 inches 
A gas dif-  

The in s tmen ta t ion ,  described i n  d e t a i l  

Ten experiments (some of which were not iliscussed in ref. 3) were selected 

Helium was used t o  pressurize 
t o  check the analysis. 
pressures,-and inlet gas temperature variations. 
i n  four of the cases. 
culation i s  e v e n  in reference 1 for  each of the experiments. 
c ipal  data are given-in table  I. 

These covered a wide range of out le t  flow rates,  tank 

The detailed input data necessary t o  carry out the cal-  
Some of the prin- 

Example 

1 
- 2  

3 
4 
5 

6 
7 
0 
9 
10 

?res sure, 
Lb/sq in .  

160  
161 
57 
56 
164 

40 
159 
159 
159 
40 

h t f l o w  time, 
sec 

350 
93 
284 
101 
95 

88 
355 
90 
100 
309 

xltflow rate ,  
cu f t /sec 

kperimental. average 
heat-transfer 

coefficient, 
3f;u/( sq ft) (hr) (si) 

?ressur- 
iz ing 
g= 

H2 
H2 
H2 
H2 
H2 

H2 
He 
He 
He  
He 

Figure 2 shows the gas and wall-temperature dis t r ibut ions calculated at  the 
end of outflow and the corresponding experimelltal values fo r  each example. 
agreement generally i s  good. 

The 

Reference 4 reports the resul ts  of hydrogen experiments carried out at 
Lockheed-Georgia Company using a 40-inch-diameter test tank 100 inches i n  overall  
length. The test tank w a s  0.090-inch-thick stainless steel and w a s  enclosed in a 
60-inch-diameter vacuum-tight carbon steel tank. 
and an antivortex baffle w a s  i n  the bottam. Perforated conical slosh baffles w e r e  
located at various axia l  positions. 
ware could not be well estimated from the information reported. 

A gas diffuser  w a s  i n  the top 

The heat sink effect  of the internal  hard- 

Nine tests are reported i n  reference 4 for which the system vacuum w a s  main- 
These cover two values of inlet gas temperature and a range of values of tained. 
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i n i t i a l  ullage. The outflow t h e  and tank pressure varied or$y s l igh t ly  fram 
test to t e s t .  
was induced i n  d l  but one case. 
given i n  reference 1. Some of the principal data axe shown i n  table  11. 

Helium w a s  used t o  pressurize i n  one case. Sloshing of the  l iqu id  
The detailed input data fo r  the calculations i s  

Experimental average 
heat - tr ans f er 

coefficient , 
BtuA sq ft> (W (W 

11 05 

11.3 
12 .o 
12.1 
12.3 
11.8 
11.7 
13 a9 

b12 .o 

Pressur- 
iz ing 
gas 

E2 
H2 
H2 
H2 

H2 
H2 
H2 
H2 

He 

~~~ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Example 

80.672 
.560 
.5ll 
607 
609 . 644 
.530 . 632 
-565 

Pressure, Outflow time, Outflow rate,  
lb/sq in. sec cu ft /sec 

~~~ 

45.5 
47 -6 
46 .S 
46 -5 
45.5 
47 .o 
45 .O 
46.2 
45.5 

aFlow rates are computed from reported outflow time, tank volume, and percent 

bEstFmated value; not given i n  reference 4. 

initid ullage. 

89 
103 
120 
87 
99 
95 

m 
97 
105 

For the Lewis and the Lockheed-Georgia experiments pressurant Eass require- 
ments were obtained from the analysis. 
along with the experimental value i n  each case. 
d s o  shown. 
The average difference for  the Lockheed-Georgia experiments i s  about 4 2  percefit. 
T h i s  agreement is be t t e r  than might be expected from the simple description of 
the problem used for  the analysis. 

Table 111 shows these calculated values 
The percent difference is  

The average difference for  the Lewis experiments i s  about 5 percent. 
1 

&ample 
TABU3 111. - PRESSURANT MASS REQUIREXENTS 

Experimental Calculated Percent\lExample Experimental Calculated Percent 
mass, mass, d i f fe r -  1 mass, mass, d i f fe r -  

l b  l b  ence ! l b  l b  ence 
Lewis data 

- --- -------. 
1 3.98 
2 2.72 
3 1.76 
4 1.24 
5 3.76 -6 65 
6 . 83 
7 8.14 7 -61 -6.51 
8 5 059 5.57 -036 
9 9.24 8.48 -8.23 

I 

10 2 -70 2.56 

Lockhee d-Geor g i  a data 

1 2.61 2 e81 7.67 
2 2.13 2.24 5.17 
3 2 -86 3 -05 6.64 
4 2 -57 2 -65 3 .u. 
5 5.79 5.89 1.73 
6 2.47 2 -58 4.45 
7 2.81 2.86 I 1.78 
8 2.81 2.95 4.98 
9 i 2.88 3 .oo 4.17 

-.,._ - . .- _--- - 
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It should be noted that eqerimental average values of heat-transfer coefpi- 
c ient  w e r e  used and that the gas and w a l l  temperature distributions at the start 

with time at the position x = 0 is  a lsp  f’rccn the experiments. 
’ of outflow were obtained from the data. The variation of i n l e t  gas temperaeuo 

The agreement shown between calculated and experimental values of pressurant 
mass requirement i n  the preceeding section encourages the use of the analytical  
method for  examining the effect  of the various parameters entering the pressuri- 
zation problem. A method f o r  doing this and the results obtained are  described 
b r i e f ly  i n  this section. 

Dimensionless Parameters 

The following additional assumptions are made t o  shplif‘y the di f fe ren t ia l  

(9)  The ullage gas is a perfect gas with constant sgecific heat. 

equations (1) t o  (3) and the i n i t i a l  and boundary conditions: 

(10) The gas-to-wall heat-transfer coefficient is constant i n  space an& time 
for a given example. 

. (ll) The inlet gas temperature, the tank pressure, and the outflow ra t e  are 
constant. 

(12) The gas and w a l l  temperatures at the l iquid interface are constant and 
equal throughout the outflow period. 

(13) The gas and w a l l  temperatures at the start of outflow are equal and 
vary l inear ly  i n  the direction of the tank a x i s  from the temperature at the 
l iquid interface t o  a temperature at the top of the tank equal t o  the average 
of the inlet gas temperature and the l iqu id  surface temperature. 

The last assumption i s  obviously an arbitrary choice for  the i n i t i a l  gas  and 
W a l l  

ered 

- 
temperatures. 
later. 

The effect  of this assumption and the others will be consid- 

Using these assumptions and introducing the dimensionless variables 

10 



i n to  equations (1) t o  (3) gives 

where 

n n  n 6 = 2 st& - TIT 
D t  ( 5 )  

. 

The nunibers Stg and St, have the form of S t p t o n  numbers modified by the 
presence of the dimensionless lengths r and Z,, respectively. The use of a 
parameter Sk, containing both f lu id  and w a l l  properties, is  unusual. The r a t i o  

A 

Stg = 2wpwcw 
stw rpgcp 

which i s  equal t o  one-half the r a t i o  of the heat capacity of the w a l l  t o  the 
heat capacity of the gas, could be used i n  place of Sb. However, Stw has 
been retained since it arises naturally i n  the development of the equations. 

It is seen t h a t  Stg and S.fi, completely dgte+ne the d i f fe ren t ia l  equa- 
t ions for  the dimensionless dependent variables T, Tw, and û. It is  shown i n  
reference 2 that the dimensionless constants 
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enter the i n i t i a l .  and boundary conditions f R r  the di3pensiodless equations. 
Within the assumptions made thus far Stg, Lo, and TL are constant for a 
given problem. The St, w i l l  vary only if  cw is allowed t o  vary. 

Pressurant Mass Ratio 

&flning an idea l  pressurant m a s s  

mi = m2(Lf - &)Pg 

it can be shown that the mass r a t io  (sometimes called collapse factor)  is 
given by 

0 
J 

J O  

The mass r a t i o  is, therefore, imam when the solution.of equations (4), (S), 
and (6) for the dimemionless temperature variation T(^x,^t) i s  k~uwn. These 
considerations lead t o  the following conclusion: 
in the analysis, and with the f'urther assumption that the w a l l  specific heat 
is constant, the mass r a t i o  is ccq le t e lx  determiRed by the specification of 
four-dinensionless constants Stg, Sb, &,, and TL. 

With the assumptions s ta ted 

!I!his conslusion is not res t r ic ted t o  a p  particular l iquid,  pressurizing 

TL is determined by the saturation temperature 
gas, or tank wall material. Tge constant L, i s  determined by the i n i t i a l  ul- 
lage ra t io ,  and the constent 
and the pressurizing gas temperature. A l l  other characterist ics of the problem, 
for example tank w a l l  material, w a l l  thickness, tank radius, density, and specific 
heat of the pressurizing gas and tank pressure, en ter  only through the constants 
Stg and Sh. 
e t r i c  investigation can b,e done byAexamining the effects  on the mass r a t i o  of 
variations i n  Stg, S h ,  Lo, and T,. 

c, is constant is not 
very good. 
holds. The specific heat cy then var ies  with temperature T, and the form of 
of the variation may change frm one w a l l  material t o  another. 
the  following conclusion: With the assumptions stated i n  the w y s i s ,  and con- 
fining attention t o  a single w a l l  material, the mass r a t i o  is completeAy deter-,, 
mined by the specification of four dimensionless constants 
and the i n l e t  gas temperature 

Within the assumptions of the analysis, therefore, a coxnplete param- 

For hydrogen problems, however, the assumption that 
If this assumption is  dropped, the preceeding conclusion no longer 

T h i s  leads t o  

Stg, Sh, b, and 5 
Tg. 



Effect of Parameters 

A The paranetric investigation is  then continued as follows. Values of Lo, 
R, and Tg 
fcr a wide range of values of Stq and St, are obtained. From these solu- 
t ions ( i n  particular, the temperature dis t r ibut ions)  the mass ra t ios  are can- 
p t e d .  

n 

are fixed and canputer solutions of equations (51, (61, and ( 7 )  

The resul ts  of these calculations are shown i n  figure 3. 
A 

For fAxed values 
percent), % = 0.074, and 
pressurant niass r a t i o  (collapse factor)  for  a wide range of design conditions, 
within the assumptions of the analysis. 

ined next. Representative curves (Stg = 5.0 and St, = 2.51 are taken fra 
figure 3. With these l;urves fox comparison the value of Tg i s  changed t o  
30O0 and 70O0 R with % and Lo held at  t he i r  original. values. Again mass 
ra t ios  are obtained from cmputer solutions and the results a r e  compared with 
the original results ( f ig .  3)  for  T = 500' R .  Figure 4 gives an indication 
of the effect  of Tg on the mass raf io .  
values of Stg. 

fixed st the values used for  f i w e  3 and changing 
corresponds t o  Ti-, = 60' R and TL = 0.074 corresponds t o  TL = 370 R )  . The 
results are sham i n  figure 5. 

Lo = 0.0526 (corresponding t o  an i n i t i a l  ullage of 5 
Tg = 50O0 R, f i w e  3 enables the prediction of 

, 
The effect  of the a rb i t r a r i l y  chosen values of Tg, !&, m d  is exam- 

The effect  is large only for large 

n 

I n  a similar manner the effect  of % is  foundnby holding $g and Lo 
t o  0.12 ( L = 0.12 

The ef fec t  on the mass r a t i o  i s  small. 
n 

The dimensionless i n i t i a l  ullage height Lo i s  treated s-imilarly, chang- 
ing it from the value 0.0526 (corresponding t o  an i n i t i a l  ullage volume of 5 
percent) used i n  figure 3 t o  the value 0.25 (corresponding t o  an i n i t i a l  ullage 
volume of 20 percent). As shown i n  figure 6 the i n i t i a l  ullage effect  i s  small 
fo r  values of i n i t i a l  ullage up t o  20 percent. 

Figures 4 to  6'indicate tha t  the reference Stanton number map (f ig .  3) 
has a wider range of va l id i ty  than w a s  first evident. 
does not appear t o  be res t r ic ted  t o  the particular values of Tg, Q, and 
that were used t o  obtain figure 3. 
experimental data i n  a later section. 

In p a r t i c u l p ,  the uxe 
Lo 

This conclusion will be checked against 

Effect of Assumptions 

It i s  possible t o  examine, i n  a similar manner, the e f fec t  of some of the 

Figure 8 shows the 
assumptions entering the analysis. 
variable gas specific heat. 
re la t ively large effect ,  on the other hand, of choosing w a l l  specific heat t o  
be constant. 
W a l l  specific heat i n  determining the reference Stanton n d e r  map. It i s  in- 
teresting tha t  changing the w a l l  material frm stainless  s t e e l  t o  aluminum has 

Figure 7 shows resu l t s  obtained using a 
The difference is  negligible. 

It w a s  this latter result that led  t o  the inclusion of varying 
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l i t t l e  effect  on the mass r a t i o  (fig. 9). 
reference 2. 

The reason for  this is given i n  

- ,-_- -- 
Example Experi- Mass r a t i o  Percent bxample Experi-  ass r a t i o  

mental determined d i f f e r  mental determined 
mass r a t i o  frm ence m a s s  r a t i o  frm 

Stanton number Stanton number 
-P *P 

It is sham i n  reference 2 that the choice of i n i t i a l  values of gas and 

The ef fec ts  of i n i t i a l  transients i n  outflow ra t e  and i n l e t  gas 
wall temperatures affects  the mass r a t i o  l i t t l e  for  i n i t i a l  ullages up t o  
20 percent. 
temperature are shown i n  that report t o  be small. 
are mre important. 

Transient pressure effects  

I 

Percent 
d i f f e r  - 
. ence 

b 

Campasison with Experiment 

2 -16 
1.61 
1.68 
1.69 
1.71 
1.59 
1.69 

A n  analysis of the tank pressurization problem has indicated that the 
primary parameters affecting the mass required t o  pressurize a cylindrical  
tank during outflow can be c d i n e d  in to  two diaensionless group having the 
fonc of modified Stanton mmbers, one associated with the gas and one with the 
tank a. TMS enables approximate values of mass r a t i o  (collapse factor)  t o  
be determined f'rorn a single figure for  a large range of design variables. 
test this conclusion the experimental data used previously i n  the paper w i l l  
be used again. 

To 

-0.9 
u.2 
1.8 
7 -1 
5.3 

10.0 
8.3 

In  the case of the Lewis experiments and the Lockheed-Georgia experiments 
described before, the experimental average values of heat-transfer coefficient 
are available. Using these values of h the gas and w a l l  Stanton nurnbers can 
be determined for  each set of data. Using these S t E t o n  numbers and figure 3, 
an estimated value of mass r a t i o  can be obtained. 

Lockheed- 
1.72 
2 014 
1.79 
1.71 
1.81 
1.80 
1.75 
1.83 

---. -- . 
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with hydrogen, a si tcat ion not covered by figure 3. 
determined from figure 3 for  the other eight Lockheed-Georgia experiments are 
Shawn i n  table IV. 
the experiments. 
are modified t o  eliminate the heat sink effect t h a t  i s  not accounted fo r  i n  

Values of mass r a t i o  

Also sham are the experirrental values of mass r a t i o  for  all 
In  the case of the Lewis data the actual experimental values 

f i gve  3. 

The percent difference between calculated and experimentd values of mass 
r a t i o  i s  also shown i n  table N. 
for the Lewis data i s  about 6 percent. 
is about 7 percent. 
analysis. 

The average value of the absolute differences 
For the  Lockheed-Georgia data the average 

These resu l t s  bear out the implications of the parametric 

It should be renembered, however, that t o  compute Stanton numbers f o r  
design purposes a value of heat-transfer coefficient h m u s t  be estimated. I n  
reference 2 a simple method of estimating h from a free convection formula 
is examined. For the experiments considered here such a simple method appears 
t o  be adequate. Its general use, however, i s  open t o  serious question and the 
determination of heat-transfer coefficient for  arbi t rary conditions 
unsettled question. 

remains an 

C 

cP 

CW 

h 

J 

L f 

L f 

LO 

LO 

n 

n 

2 

2, 

ZW 
n 

M 

APPENDIX - SYMBOLS 

effective perimeter of internal  hardware 

specific heat of gas 

specific heat of tank w a l l  

heat-transfer coefficient 

mechanical equivalent of heat 

ullage height at time t = tf 

dimensionless ullage height, Lf/(Lf - Lo) 
ullage height at t i m e  

dimensionless i n i t i a l  ullage height, L d ( L f  - Lo) 

height of ullage (see fig. 1) 

thickness of tank w a l l  

dimensionless thickness of tank w a l l ,  Zw/(Lf - LO) 

molecular weight 

t = 0 
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mass of presswant gas added during o u t f l o w  

mass of pressurant gas required assuming no b a t  transfer 

pressure i n  tank 

heat f l o w  rate t o  gas from internal  hardware 

heat flaw rate t o  tank w a l l  from outside 

ru3iversaL gas constant 

radius of tank 

dimensionless radius of tank, r/(Lf - L ~ )  

modified gas Stanton nunher, R 1 h  
r- .PgCpUL 

modified w e  Stanton m e r ,  ,$ h 
gas temperature’ 2, 4JCwUL 

dimensiofiess g&s temperature, T/T~ 
gas temperature at tank i n l e t  

gas temperature at l iquid interface 

dimensionless temperature, WT, 

temperature of tank w a l l  

dimensionless temperature, T ~ / T ~  

time 

dimensionless time, t/tf 

time at end of outflow 

time increment for  f i n i t e  difference equations 

velocity of gas 

dimensionless gas velocity, u/% 

velocity of gas a t  l iquid interface 

space coordinate i n  direction of tank axis 
dimensionless space coordinate, x;/(Lf - Lo) 
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Ax space increment for finite difference solution 

Z canpressibility factor 

pg density of gas 

P W  density of tqnk w a l l  
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Figure 3. - Stanton number map shaving values of mass r t i i  for range of gas and wall Stanton numbers. Initial 
ullage Mi, dimensionless interfaeetemperature, (LO74 
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EXPERIMENTAL AND ANALYTICAL STUDIES O F  
CRYOGENIC P R O P E L L A N T  TANK PRESSURIZATION 

INTRO DU CTION 

Determination of the pressurant gas weigh, for cryogenic 
propellant tanks i s  complex and defies exact analytical treatment 
because of the interdependent transient phenomena of heat and m a s s  
transfer that occur  simultaneously in a propellant tank. 
models describing the internal thermodynamics of tank pressuri-  
zation have been developed by various investigators. 

Mathematical 

The experimental data o n  pressurization obtained by the 
Marshall Space Flight Center during the SATURN launch vehicle 
development were applied to several pressurization analyses and 
some of the results.  are presented in this paper. 

Although the most accurate method of predicting pressurant  
requirements i s  with a computer program that h a s  been varified 
by experiments, it is advantageous to have a fast, reasonably 
accurate method to determine the total m a s s  of pressurant gas re- 
quired without resorting to the computer. 
is necessary in comparison and optimization studies for preliminary 
design where  the number of possibilities to be  considered precludes 
a detailed computer analysis of each case. Therefore ,  a 
dimensional analysis of a Iarge number of pressurization tests and 
computer r u n s  was applied to develop an equation that predicts 
pressurant  requirements for cylindrical and spherodial propellant 
tanks. 

This  type of analysis 

EXPERIMENTAL PROGRAM 

Test Facilities 

T h e  experimental work was conducted on five tank con- 
figurations at Marshall Space Flight Center : 

A. Saturn I ,  S-I Stage, MultipIe interconnect LOX Tanks 

B, Saturn I ,  S-IV Stage, LOX and LH2 Tanks  
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C. A 6.5 x 39 foot (DxL) cylindrical LOX Tank 

D. A 13 x 26 foot (DxL) cylindrical LOX Tadk 

E.' A 1 x 3 foot ( DxL) cylindrical LOX Tank 

T h e  test parameters  for these tank configurations are compared 
in Table I. Configurations A and B were flight vehicles and thus 
contained the standard test instrument of the Saturn propellant feed 
system. Configurations C ,  D, and E were equipped with many 
thermocouples along the tank axis. Thermocouples,  mounted at 
severa l  radii at t h ree  elevations in these tanks,  allowed measure-  
ment of radial temperature gradients. Special  calorimeter plates 
were mounted in tanks C and D for determination of gas-to-wall heat 
t ransfer  coefficients. Finally, gas sampling devices were placed 
at several  locations to measure  uIIage gas concentration gradients . 

T h e  pressurant  gas was introduced at the top of the container 
through a distributor to minimize inlet velocities and disturbances 
of the liquid surface by impinging gas jets.  

T h e  tank Configurations C ,  D ,  and E could be sloshed at 
rotational o r  translatory oscillation in e x c e s s  of the first critical 
frkquency of the tank. 
tests conducted with the five tank configurations are presented in 
FIG 1 through 9. . 

T h e  resul ts  of some of these pressurization 

T e s t  Results 

a. Heat T rans fe r  Coefficients 

Heat t ransfer  between pressurant  and tank side walls was 
measured during pressurization tes t s  in Configuration C by two plate 
calorimeters. Each calorimeter was a 12 x 12 inch, 30 gage copper 
plate mounted from teflon spacers parallel to and at a distance of 
four inches from the tank wall. 

For determination of heat t ransfer  coefficients, it was 
assumed that heat t ransfer  to the back s ide of the plate ( towards  
tank wall) w a s  by free convection because of the shielding effect 
of the plate-to-wall arrangement.  
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The f r e e  convection heat transfer coefficient was calculated for two 
component mixtures based on the time and space dependent helium- 
oxygen concentration in the tank,. 
calorimeters was then corrected using the calculated free convection 
effect on the back side. The heat transfer coefficients to the front of 
the calorimeter plates measured in Tests 130-9, -10, -15 are 
presented in FIG 1 and FIG 2 using gaseous oxygen and helium as 
pressurants .  Ullage gas-to-wall heat transfer w a s  also evaluated from 
walk temperature measurements at a location 3.5 ft from the top of the 
tank. Wail measurements at locations initially below the liquid surface 
produced erroneous radings and were discarded. These coefficients 
were corrected by subtracting the effect of external heat flux from the 
measured wall temperature r ise .  

T h e  total heat transfer to the 

Inspection of FIG 1 and FIG 2 shows very good agreement 
between measured and calculated heat transfer coefficients. It i s  
noted that the gas-to-wall heat transfer coefficient i s  definitely within 
the forced convection regime for the oxygen tests,  but in the free 
convection regime ,for the helium test. Although the heat transfer 
coefficient by forced convection diminishes with increasing distance 
from the pressurant  distributor, the free convection contribution 
compensates for this decay to such a degree  that a nearly constant 
heat transfer coefficient i s  obtained along the tank bulkhead and s ide 
wall. 

b. Sloshins Effects 

Pressurization studies conducted at MSFC have shown that 
the u s e  of helium as a main pressurant  for cryogenic propellants does  
not always result in the lightest pressurization system. However ,  it 
was determined experimentally that prepressurization with helium reduces 
p r e s s u r e  decay during liquid sloshing n e a r  the critical frequency. It 
is assumed that the helium acts  as a buffer zone between the splashing 
cryogenic liquid and the condensable pressurant  , suppressing excessive 
mass transfer.  

FIG 3 shows a typical tank p r e s s u r e  history for a stationary 
liquid oxygen test tank as compared to a p r e s s u r e  history in which 
the liquid sloshes n e a r  the first critical mode of oscillation (Ref. 1) . 
The tank was prepressurized, with either helium or nitrogen, followed 
by main pressurization during liquid expulsion with super-heated 
oxygen. T h e  tank p res su re  history during the slosh test (using 
helium as a prepressurant)  is nea r ly  identical to the p r e s s u r e  history 
of the non-sloshing expulsion test. 
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In contrast, prepressurization with gaseous nitrogen resulted in a 
marked pres su re  decay during the sloshing of the liquid, which 
was not 
nitrogen prepressurization . evident during a non-sloshing expulsion test with gaseous  

c. Ullaqe Gas Concentration Gradients 

G a s  flow conditions and the concentration of helium gas in a 
cryogenic propellant tank during pressurization discharge were 
studied in test Configurations C and D. Spectrographic analyses 
were made of gas samples taken at var ious positions in the tanks. 
Samples  taken at various elevations in tank Configuration C just 
before the end of the tests yielded the r e s u l t s  shown in FIG 4. 
In the test in which helium was used  for prepressurization and 
oxygen as the main pressurant ,  the helium concentration i s  maximum 
at  12  ft  above the liquid, and gradually d e c r e a s e s  in both directions. 

T h e  concentration of oxygen n e a r  the liquid surface i s  
probably caused by accumulation of the gaseous oxygen that is 
initially in the ullage before prepressurization. 
FIG 4 also shows the concentration of helium above the liquid 
oxygen for the case in, which helium prepressurization i s  followed 
by pressurization with helium during liquid expulsion. T h e  oxygen 
concentration at 10 ft  above the liquid interface was only 6 percent 
by volume. The total amount of gaseous oxygen in the ullage was 
only slightly larger  than the amount of oxygen in the uliage before 
prepressurization (0.77 moles v e r s u s  0.73 moles) . This  indicates 
that interfacial m a s s  t ransfer  , although small under these  conditions , 
was in the form of evaporation. 

For comparison , 

d. M a s s  T rans fe r  

A comparison of .mass  t ransfer  resul ts  obtained in 
Configuration C with resul ts  obtained by Clark (Ref. 2 )  i s  shown 
in FIG 5 .  Condensation in excess of 30 percent of the pressurant  
flow was found by Clark during liquid nitrogen expulsion tests with 
a 1 x 3 ft cylindrical tank. Similar resul ts  were obtained with the 
M S F C  test Configuration E ,  also shown in FIG 5. 
t ransfer  measured in test Configuration C indicates that condensation 
was 5-10 percent. 
of the smaller wall-area/volume ratio of a l a rge r  tank. 

T h e  m a s s  

Condensa.tion in the l a rge r  facility i s  less because 

33 



Comparing the condensation in the sma€I tank with that in the 
large tank on the basis of wall-area/volume ratio, the values are 
approximately equal. 
initial evaporation noted in Configuration C diminished as the test 
proceeded. However ; Clark had found increased condensation at 
higher p r e s s u r m t  inlet temperatures in small tanks , 
results point out the incomplete knowledge of m a s s  transfer.  

During tes ts  at high pressurant  inlet temperature, 

T h e s e  conflicting 

e. Axial Ullase Temperature Gradients and P r e s s u r a n t  
Fiowrates  

The axial ullage temperature gradients obtained in tes ts  
130-6 and 130-7 with Configuration C (FIG 6 and 7 )  became 
approximately linear as the test proceeded. These two tests were 
conducted at 48 psia and 30 psia tank p r e s s u r e  with oxygen as 
pressurant  at about 55O0R. 
temperature of about 30°R immediately above the liquid interface in 
these tes ts ,  indicating that m a s s  transfer was small. 

There was a rapid increase in 

P r e s s u r a n t  flowrates to the LOX tanks of the S A T U R N  I ,  
S-I stage, during static test and flight are presented in FIG 8 and 9 .  

P RES S U  RIZATION A N A L Y S E S  

Pres su r i zed  discharge from cryogenic liquid containers was 
studied analytically and experimentally by several  investigators and 
their resul ts  are presented in the literature, 
Epstein (Ref 31,  was chosen by M S F C  for pressurization system 
analyses, because this approach makes maximum u s e  of the techniques 
of digital computer caIculations and i s  not subject to the restrictive 
assumptions that are made in other programs,  However ,  extensive 
comparisons of the program with test data were required to evaluate 
the physical parameters  and constants initially contained in the 
program as indeterminate identities. 
when necessary  and the relative importance of each of the parameters  
involved in the program determined. 

T h e  method by 

T h e  equations were modified 

The pressurant  Aowrate and ullage temperature gradients pre- 
dicted by the computer program after modification .are compared 
test data in FIG 6 - 9. In all comparisons, the ullage p re s su re ,  
liquid drain rate ,  ambient heat transfer coefficients, and ambient 
temperature w e r e  input to the computer as functions of time. 
the pressurant  inlet temperature or  the heat exchanger performance 
curve was also input. 

with 

Either 
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T h e  agreement between the computer predictions and the 
tes t  data is generally good. Prediction of ullage temperz ture  
gradient and total p ressurant  m a s s  i s  important for overal l  
vehicle layout .  However ,  the design of the pressurizat ion 
sys tems r e q u i r e  that pressurizat ion analysis can predict  
transient f lowrates within close toleranaces to avoid flow in- 
sebil i t ies in heat exchanger  w!iich can o c c u r  under  cer ta in  
flow conditions. it i s  s een  from FIG 8 and FIG 9 that good 
agreement  between computer predictions and test data of 
pressuramt flowrate i s  obtained. 
computed pressurant  f lowrate,  are caused by the over-sensitivity 
of the program to changes in the s lope of the  ullage p r e s s u r e  
curve .  

T h e  i r regular i t ies  in the 

Based  on these  and other  comparisons of tes t  resu l t s  and 
computer predictions, it is concluded that p re s su ran t  g a s  re- 
quirements for launch and space vehicles may b e  accurately 
predicted by this model of the pressurizat ion process. 

However ,  preliminary design studies requi re  a fast  and 
reasonably accurate  method of prediction without resor t ing to 
computer programs.  The re fo re ,  dimensional analysis was applied 
to a large number of pressurizat ion tes t s  and computer r u n s  to 
develop a single equation that predicts  pressurant  requirements  
for cylindrical and spheroidal propellant tanks.  

a. Dimensional Analysis 

T h e  total m a s s  of pressurant  gas required i s  a function 
of the ullage mean temperature  at cutoff der ived with the gas 
equation of state: 

- P V  - 
WTotal a N R T m  

The  total p re s su ran t  m a s s  required may b e  calculated if 
the  ullage mean temperature  at cutoff can  b e  determined. In the 
most general  case, the ullage mean temperature  at cutoff will b e  a 
function of twelve system design var iables ,  seven physical propert ies ,  
the mechanical equivalent of heat ,  and the gravitational constant : 
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The 19 variables can be expressed in six fundamental dimensions, 
length (L), m a s s  (M!, time (01, temperature (TI, heat (HI, and 
force (F). 

The two dimensional c o l d a n t s ,  J and gc, are inc!uded because 
heat and force can b e  expressed in t e r m s  of the other four 
dimensions. The dimensions of each variable are given in the 
nomenclature. 

S ince  any equation representing physical phenomena must 
be dimensionally homogeneous, it must be possible to wri te  
equation 2 in a nondimensional form. Therefore ,  using s as a 
symbol for a dimensionless group,  equation 2 may b e  written as 
follows : 

Developing the dimensionless groups according to Buckingham's 
theorem, the following ten T t e r m s  were obtained containing 
design variables and physical properties of a pressurization 

2 J g, k (T, - Ti,) 
lrz = 

~3 r4 

- To - TL 
TL 

*3 - 

P r eT lr4 = 
M w  

T, - TL 
To - TL =9 = 

the 
system. 
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Curve Fit 'of Dimensionless Equation 

T h e s e  ten dimensionless groups  can  b e  us'ed to correlate the 
resu l t s  of tes ts  and computer r u n s  according to equation 3.  In 
most cases, equation 3 would b e  written in the following form: 

However ,  in this case, it is n e c e s s a r y  to satisfy cer ta in  boundary 
conditions that cannot be  satisfied by equation ( 4 ) .  T h e  ullage 
mean temperature  at cutoff must remain finite and not equal to zero 
as the ambient heat t ransfer  approaches  zero. This boundary 
condition cannot b e  satisfied by equation (41,  unless  the functional 
dependence on " 8  and ~9 is exponential. Also, as the distributor 
Reynolds number ~ 1 0  approaches  zero, the heat t ransfer  in the tank 
approaches  free conveCtion. The re fo re ,  the boundary condition of 
finite, non-zero mean temperature ,  when ~ i o  i s  zero i s  imposed 
dictates an exponential functional dependence on ~ 1 0  . T h u s ,  thes*e 
boundary conditions can  be satisfied by writing equation (4 )  in the 
form: 

The coefficients and 
curve-fit to the data 

It was found that the 

€ 
"5 

EJ 
"6 

x 
=7 

I T  
a t " 8  " 9  e 

I 
a3 =lo e 

exponents in this equation were evaluated by a 
from the computer r u n s  and tes ts .  

data could be correlated by equation ( 5 )  if t he  
I coefficients, ai and (y3 , in the exponentials were taken as 

functions of nz and "3: 

a2 8 = a2 "2 w 9  "3 ( 6 )  
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Equation ( 5 )  then becomes 

where all the coefficients and exponents are constants. 
From the curve-fit, the following values were obtained for the 
coefficients and exponents in equation 8.* 

. a1 = 0.424 5 = 0,01416 

X = 0.0620 a2 = 0.00210 

a3 = -0.0292 w = 0,415 

B = -0.1322 \cI = 1.174 

y = -0.1688 7 = 0.765 

6 = -0.1146 Q, = 0,1510 

6 = 0.0780 

*Note: Use of these exponents requires that 
r2 be divided by lo" 
us be divided by Id 
naobe divided by los 
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T h i s  equation is gener'al and is capable of predicting the  ullage 
mean temperature ,  and thus p r e s s u r a n t  m a s s  at cutoff ,within 
5 10% for cylindrical tanks and oblate sphe ro ids .  

FIG 10 s h o w s  total pressui-ant requi rements  obtained by 
var ious  investigators for a wide r a n g e  of tank sizes and  system 
p a r a m e t e r s  compared with the p r e s s u r a n t  weights calculated by 
Equation ( 8 ) .  Excellent agreement  is obtained o v e r  the ent i re  
r a n g e  of conditions for hydrogen and oxygen pressurizat ion.  
Evaluating the test r e su l t s  of ( R E F  4 )  by this  method resulted 
in a l a r g e ,  but constant deviation from actual obse rved  p r e s s u r a n t  
weight. 
such  as heat leak through the vacuum c h a m b e r  and p r e s s u r a n t  inlet 
t empera ture  had to be a s sumed .  Additional information about t h e s e  
t e s t s  are required to re-evaluate the conditions. T h e  equation i s  
limited in i ts  application to conditions of constant ullage p re s su re ,  
p r e s s u r a n t  inlet t empera tu re ,  and ambient heat t r ans fe r .  T h e  
s tudies  indicated that the equation i s  inaccurate  at inlet t empera tu res  
less than 100°R above the saturation t empera tu re ,  at ullage p r e s s u r e  
below propellant saturat ion,  and for v e r y  s h o r t  expulsion t imes of 
less than 50 seconds .  

This is probably due  to the fact that the  tes t  p a r a m e t e r s  

. T h e  restriction to cylindrical tanks can  be  removed by proper 
choice of the character is t ic  tank rad ius .  S tudies  have  shown that 
the character is t ic  tank r ad ius  for oblate s p h e r o i d s ,  u sed  in equation 8 , 
should be about two th i rds  of the maximum tank rad ius .  T h i s  
assumption i s  justified because  a cylinder having the s a m e  volume 
and su r face  area as an  oblate spheroid h a s  a rad ius  equal to 0.63 
t imes i ts  maximum radius .  F u r t h e r  tes t  data and analytical s tudies  
are n e c e s s a r y  to select  the charac te r i s t ic  r ad ius  for o the r  geometr ies .  

Recently,  Epstein ( Ref 5) h a s  developed a similar correlation 
predicting p res su ran t  requirements .  
methods i s  presently being made.  

A comparison of t h e s e  two 

THE EFFECTS O F  S Y S T E M  P A R A M E T E R S  O N  P R E S S U R A N T  
R E Q U I R E M E N T  

In designing a launch o r  space vehicle pressurizat ion s y s t e m ,  vehicle 
p a r a m e t e r s  such as .tank volume, engine flowrate, tank material ,  etc. , 
determined by vehicle mission profile, are fixed input values.  
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However ,  there  are various control!abIe parameters  in a 
pressurization system that can be.used to optimizs the 
system without affecting basic vehicle characteristics . 
T h e  relative significance of various parameters  on pressurant  
requirements h a s ,  therefore, been investigated, A h e  results 
of these studies are presented in FIG 11. 

m 

From a central origin, representing a reference condition 
(SATURN V, S-IC Stage)  for all parameters ,  the increase 
(+Y) and dec rease  (-Y), of the ullage mean temperature at 
cutoff i s  shown, as a function of variation of the parameters  on 
the abscissa.  T h e  parameters were varied over a range  
expected for vehicle design. Thus ,  pressurant  inlet temperature 
can increase or dec rease  by a factor of 2 from the reference 
condition, pressure by a factor of 3, tank radius by a factor 
of 2,  expulsion time by a factor of 3, etc. It was indicated 
that the pressurant  inlet temperature exer ts  the greatest in- 
fluence on the ullage mean temperature, 
this effect did not exist within the range of investigation 
(S30°R to 1200OR). T h e  mean temperature increased as the 
ullage p r e s s u r e  was increased and also as the tank radius was 
increased. Increasing the tank wall thickness, heat capacity, o r  
density caused a dec rease  in the. mean temperature. 
pressurant  distributor flow area (A ) that controls the gas-to-wall 

on the mean temperature when A 
when the flow area was increase?. 
pressurant  inlet velocity for the reference systems was chosen at 
an optimum point. FIG 11 also indicates that helium pressurant  
must be introduced into a tank at a temperature about 1.1 times 
higher than oxygen pressurant to obtain the same  ullage mean 
temperature. 

Diminishing return of 

T h e  

forced convection heat transfer coe fP icient had a significant effect 
was reduced, but no effect at all 

This  indicates that the 

CONCLU S l O N S  A N D  R E C O M M E N D A T I O N  S 

a, Pressurization data from cylindrical and spheroidal tanks 
ranging in size over four o r d e r s  of magnitude have been applied for 
development or  checkout of analytical pressurization models . 
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b. Heat transfer between pressurant  and tank walls can 
differ significantly from free convection, depending on tank 
geometry and distributor design. 

c. An equation derived by dimensional analysis arovides 
a reasonably accurate method for prediction of pressurant  
requirements for cylindrical LOX and hydrogen propellant 
containers. 

d.  The strongest influence on pressurant  weight i s  
exerted by pressurant inlet temperature, for which no diminishing 
return o c c u r s  within a temperature range compatible with tank 
materials. 
distributor flow area, expulsion time and aerodynamic heating. 
T h e  effect of waII heat capacity i s  not as significant as might 
be  expected. 

Other important influencing factors are tank radius,  
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DEFINITIGN O F  SYMBOLS 

Svmbol 

AD 
J 

Ta 

TL 

m T 

T 

V 
0 

C 
P 

PW C 

gc 

ha 
k 

P 

Didributor area, L2 

Dimensional constant, F L / H  

P ressurant molecular weight, M 

Ambient temperature, T 

F ropeIIant temperature, T 

Ullage mean temperature at cutoff, T 

Fres su ran t  inlet temperature, T 

'Propellkt tank volume, L3 

Initial ullage volume, ~3 

F ropellant volumetric drain rate, L3/e 
'.'/all thickness, L 

P ressurant specific heat, H/MT 

Wall specific heat, H / M T  

Dimensional constant, ML/Fe2 

Ambient heat transfer coefficient, H/O TL2 

P ressurant thermal conductivity, H/LBT 

Ullage pressure, F / L ~  

- 
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r 

P 

' DEFINITION OF SYMBOLS ( C O N C L U D E D )  

Propellant tank characteristic radius 
(maximum radius for cylindrical tanks) , L (Ft) 

Time of pressurization, 8 ( H r )  

Pressurant viscosity, M/L0 (Ibm/ft hr)  

Wall density, M/L3 ( 1b,/fi3 1 

43 



R E F E R E N C E S  

1, M o s e s ,  J .  L.,  and Nein, M. E., Evaluation of ProDellant 
Sloshinq on P ressurant Requirement for Larqe Scale 
Cryoqenic Containers, presented at the 1962 Cryogenic 
Engineering Conference, Los AngeIes , California. 

2. Clark,  J. A. et al, Pressurization of Liquid Oxvsen 
Containers, The  University of Michigan under contrect 
with the Department of the Army # DA-20-018-or D-254, 
March 1961. 

3. Fortran P r o s r a m  for the Analysis of a Sinqle Propellant - Tank Pressurization System , Rocketdyne, Division of 
North American Aviation, Inc., R-3936-1, September 1963, 

4 .  Coxe, E. and Tatum, John, Main Propellant Tank 
Pressurization S y s t e m  Study and Tes t  Report, Lockheed- 
Georgia Company, Contract A F  04 ( 61 1) 6087. 

5 .  M. Epstein- Prediction of Licluid Hydrosen and Oxvsen 
- Pressu ran t  Reauirements , Cryogenic Engineering 

Conference, Philadelphia, Pennsylvania, 1964. 

44 



BIB LIO GRAPH Y 

J .  E. Myers, C .  0. Bennet: "Momentum. Heat  and M a s s  
-, 11 McGraw Hill, New York  (1962).  

R.  B. Scott: liCrvoqenic Enqineerinq." D. Van Nosrand 
Company, Inc.  , Princeton ( 1959 1 . 

V. J .  Johnson: I1A ComDendium of the P r o p e r t i e s  of 
Materials at Low Tempera ture  ( P h a s e  I )  Part I ProDerties 
of Fluids, 11 National Bureau of S tandards  Cryogenic 
Laboratory (July 1960) .  

J. H . Hargis : "Thermophvsical Properties of Oxvsen and 
Hydroqen. . . . ' I  NAS.A-MSFC Internal Note In R-PEtVE-P-63-13, 
(October 1963). 

45 



__ 
I 

I 

n n 

46 



I/) c 

c 

w 

0 
s 
Y --e- 
a 

4 

0 

\ 

ur' 
c 

d 
c', 
v 

c 
I/) 
Y c 

47 



- 
0 

O Y ,  0 
(c (0 

I- 
I 

0 O w  * O m  

48 



L 

0 
y o "  

I I 

49 



I c d w  
I r ~ . O O O  

-0 -0 
d 4 - i  -m - i  -n 

-a 'u, 5 -- -- -- % x u = = *  

I 

NOllVtlOdVA3 

0 cu 4- (9 2 0 0 0 
s 
0 

0 
v) - 



51 



4 

0 
V 

t 

52 



Q 

4 w s i 

53 



I k  
L 

Y ri5 

0 e 

P 

0 

t 

54 



ZAST RESPONSE THERMOCOUPLE 
FOR MEASUREMENT OF 

TEMPERATURES IN CRYOGENIC GASES 
bY 

C. C. Robinson, A. R. Lowrie, T. Bielawski 
Beech Aircraft Corporation 

Wichita, Kansas 

55 



AvailsblC th@nnocouples had inadequate nsponse characteristics for 
un intended application. 
Mechanics and Thermodymxnics ihranch of NASA Marshall Space Fligbt  Center 
indicakd that the "slingshot" thermocollple would give the necessary re- 
sponse time. 

Computer studies and model t e s t s  by the Fluid 

An invastigat~on of certain variables in the "slingshot" ther?gocouple 
cozlfiguratlon vas conducted in a?l attempt to develop an opt- desiep. 

The final design decmased =sponse timt under t e s t  conditions from 
4 seconds to .65 second and vas satisfactory in all respects f o r  the in- 

tended application. 



INTiiOlXTCTION 

A thermocouple development program vas i n i t i a t e d  after an unsuccessful 

search for a suitable thermocouple t o  measure ullage gas tempexptures. me 
program was funded by National Aeronautics and Space Administration, George 
C. Marshall Space Flight Center Contract Number NAS-8-5531, i n  support of a 
study on pressurizsticn of l iquid hydrogen missile tanks. The tests required 
a temperature sensor w i t h  a time constant of two seconds or less in hydrogen 
gas a t  tvo atmospheres pressure and cryogenic tempratures. 
sponse 6ata on temperature sensors are for high heat capacity fluids o r  for  
gases a t  relat ively high velocit ies.  Previous work indicated that the sen- 
s i t i v i t y  of thermocouples fabricated from small diameter w i r e  was acceptable 
andwork was begun to optimize the design and determine the time constant 
for these specific conditions. 

Most time re- 

THEORETICAL APPROACH 
To obtain a fast response from a temperature sensor the heat capacity 

of the sensing element m u s t  be small In re lat ion to  the heat t ransfer  t o  the 

element. Also, the element m u s t  be thermally isolated from its supports. 
The first  of these requirements is m e t  by a small diameter thermocouple w i r e .  
The second requirement can be m e t  by making the leads of suf f ic ien t  l e n g t h  so 
the heat conduction down the leads is small and by assuming t h a t  the leads 

adjacent t o  the junction are subjected t o  the same thermal conditions. On 
other sensors t h a t  were considered, the mountings were generally large and 
thermally too close t o  be considered acceptable. 
probes were considered but require a four-wire lead system t o  elimlnate the 

error due to lead resistance changes. 
temperature between the sensor w i r e  supports and i s  affected t o  a considerable 
degree by heat transfer to the supports. 
wire used w i l l  give the fastest response t i m e ,  th i s  program was res t r ic ted  
at  the onset t o  a wire s ize  considered large enough to withstand gas veloci- 
ties up t o  30 fee t  per second. 

Platinum w i r e  resistance 

Also the sensor element "averages" the  

Although the smallest thermocouple 

The rate of response of a thermocouple t o  a s tep  change i n  the tempera- 
The energy t u r e  of the surroundings is essent ia l ly  a heat t ransfer  problem. 

balance of the thermocouple junction may be written as: 

% + Q k + Q C  = Qs where: 
l e  the rate of heat transfer from environment t o  the junction by 

means of radiation. 
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% is the rate of conductive heat transfer. 
Qc is the rate of convective heat t ransfer  (the junction is assumed to  

have a f i n i t e  length, and f o r  practical  purposes includes segnects of the 
w 5 . m ) .  

\ is the rate a t  which heat is stored i n  the junction. 

For purposes of simplificetion, assume the  thermocouple t o  be cyiindzfcal 
and of suff ic ient  length that €& becames insignificant. 

law, f& is a lso  insignificant. Therefore, by se t t ing  B, = &, = 0, the energy 
As the absolute temperatures of the radiating surfaces are relat ively 

A 

balance equation reduces to: 

This equation, when m i t t e n  i n  t e r n  of the 
and thennocouple parameters constant, shows 

the t b e  interval  required f o r  the junction 

Lb 

temperature difference w i t h  @s 

t h a t  the time constant, 7, is 
t o  respond t o  63.2% of +,he s tep  

change in temperature of the media surrounding the couple.' The t i m e  cons+,ant 
is defined by 

Qw 
?= me=: 

4, - density of the thermocouple wire 
- - specific heat of the thermocouple wire 

cW 
V 5 volume 6f the thermocouple wire per unit  length 
A surPace area of the thermocouple w i r e  per unit lengzh 
h = heat transfer coefficient which is further defined as 

= 

when: 

D = diameter of the wire 
Kg = coefficient of thermal conductivity of the gas 

NU P Bussclts  Ifumber 

Assuming a gas velocity of 5 feet per second end solving the above eqiat?.ons 

for ?resulted i n  t i m e  constants of .149 for  hydrogem gas and .817 for n i tm-  
gen gas under the conditions of these tests. 
vection currents i n  the expe-nt was not measured and the velocity of 5 feet 

per second was a rb i t r a r i l y  chosen in order t o  define the I.es-ponse pam.e+,ers. 

The act-1 velocity of the con- 

EXPEFmErpL JVrnOA-CIJ 

A step function of temperature i n  a non-flowing gas reqcirec %:hat ?.he 

eemor be moved from one temperature region to  another o r  t h a t  the senscr be 
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conditioned t o  an "artificial" t e m p e r e t d  in the reference gas. 
t ioning may be &ne by heating o r  cooling the sensor t o  a nonequilibrium 
temperature.2 After consideration of the  ac tua l  test conditions it w a s  

decided t o  condition the sensor i n  the saturated l i q u i d  and move it to a 

second posi t ion in the v a m e r  ullage gas severa l  inches above the l iqu id .  
This also simulated draining of a t e s t  l i q u i d  t o  below the l e v e l  of a sensor 
which leaves the sensor w e t .  

also of interest f o r  t h e  pressurizat ion study program. 
the ullage gas was not distrubed by the presence of the cold  thermocouple nor 
is any appreciable ve loc i ty  h p a r t e d t o  the ullage gas by the  5 feet pe r  
minute ve loc i ty  of the thermocouple. The start of warm-up is assumed t o  be 

the point  a t  which the sensor is no longer cooled by the vaporizing l iqu id .  
This point  can be used as zero time f o r  the response time i n  gas only. The 
response times presented in  the data do not include t h i s  ''drying'' t i m e  which 
is a function of shape, or ientat ion,  and wet t ab i l i t y  of the couple as w e l l  
88 the heat of vaporization'of the  test l iquid.  

The coria- 

The resultant "drying" time of the sensor was 

The temperature of 

, 

The basic configuration t o  be tested is known as the s l ingshot  t y p e  and 
consists of a Y-shaped frame supporting the thermocouple and its leads. Figure 
1 shows some of the configurations tested. 

The following is a l i s t  of var iables  vbich w e r e  invest igated for t he i r  

effects on response t i m e .  
1. The thickness of a te f lon  s l ingshot  frame. 
2. 

3. Dimensions of the s l ingshot  frame. 
4. Thermocouple junction weld. 

5. W e l d s  on l ead  w i r e s  in re l a t ion  to  the frame. 
6.  
7. 
8. Effect of insu la t ion  and varnish. 

9. 
10. 

A slingshot frame made'of 18 gauge cu/con thermocouple w i r e .  

Angles formed by the thermocouple junction. 
Relation of the  thermocouple t o  the horizontal  during tes t ing .  

Cleaning of the thermocouple w i r e  a t  the junction. 
Speed of probe being removed from l iquid.  

EXPFIRIMENTAL APPrnTLJS 

The schematic of the test apparatus is s h a m  i n  Figure 2. The cryos ta t  
is a flanged 3 5 l i t e r  Hoffman Liquif ied Gas Dewar. Figure 3 s h o w s  the g e n e r a l .  
configuration of the cryos ta t  and the mechanism used t o  posi t ion the probes 
r e l a t i v e  t o  the l i q u i d  level .  Schedule requirements of the proe;ram dictated 
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that a mlativ@ly simple mechaafso be Tabricsted to p i t i o n  the test probe 
and maria operation vas used in l i tu of a more refined me- sye-. 

The four-point liquid level probe was installed through a cantpression 
s e d  which pennitIted adjustment of the probe t o  determine the actuaL Uquid 

bvcl in the dewar. A mfemnce temperature sensor was mounted on this same 

probe at  such a position tbat  it Could be lareEd into the l iquid o r  rafsed 

t o  8 point 5.5 inches above the nominal liquid level, 
!&e test probe support was constructed from 3/8" diamter t u b a  through 

which the t e s t  pmbe leads vere brought out of the dewar. 

stalled through a compression seal and a support ana on the dewar cover. 
(2) microswitches vere used to indicate the extreme positions of the sllpport 

at either end of its eleven inch -vel. 
of the time that the probe VBS moving and provided a means f o r  det-g 
the time that the prcbe entexed the ullage gas f rom the liquld. 

Thie tube vaa in- 
Tvo 

The microsvitches provided a =cord 

The test probe was attached t o  a bar on the end of the support and adjusted 

80 that the thennocouple junction was located -thin one-fourth inch of the 
reference sensor and in the same horizontal plane when both were in the "raised" 
position 5.5 inches above the liquid level. 

correisted of a Wuid fill system and a vent relief system. 

~ me necessary plumbing was attached to the top cover of the dewar and 

Figure 4 is a photograph of the experimental apparatus removed fmm 
the &war. 

ExpERpIElpTAL PRO- 
The thermocouple to be tested VBS installed on the support SO that the 

junction vas located properly in relation to the refereace couple and the 
horizontal plane. 
liquid hydrogen o r  liquid nitrogen unt i l  the second liquid level sensor indi- 
cated covered. 

The cover was then secured and the cryostat filled w i t h  

~ the test pro- and the reference probe yere then immersed ink, the 

At the conclusion of this liquid and allowed t o  s tabi l ize  for  f ive minutes. 
period a mizlivolt output fo r  both probes was read and recorded. 
vere then raised to  the gaseous media, the five minute sta'iilization peri00 

repeated, and the millivolt  output of both probes read and recorded, 
tim the test probe was lowered into the liquid and allowed to thermslly stabi- 

Uze. 
atmaphere. 

Both probes 

At this 

The recorder is s t a r t e d  and the t e s t  probe is raised to  the gaseous 
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Each themcouple was tested ten times and the average response 

was &termined. The ullage pressure was ambient during a l l  response tests. 

€fEs .Ts  
The first veriable hves t i&ed was the mass cf the teflr,: support frame. 

The frame, with arms of 1/4 inch square cross-section, was t es ted  w i t h  a 30 
gauge Cu/Con thennocouple. 
thickness was reduced t o  1/8 inch by removing material from the outside edge 

and keeping the  distance between arms a t  3 inches. This caused no change in 

the response time and it was fe l t  that  the mass of the frame was s t i l l  exces- 
sive. 
couple w i r e .  
of the thermocouple under test and the thermocouple wire that formed the frame. 
The response time f o r  this configuration was 4.6 seconds. 
of a frane of 18 gauge wire and a 30 gauge thermocouple had an approximate t i m e  

of 2 seconds. 

"he response t h e  was 2.2 seconds. The frame 

A frame was then constructed of 14  gauge stranded md insulated t h e m -  

Similar nietal solder joints  were m a d e  belxeen the 30 gauge wires . 

The configuration 

The second variable investigated w a s  the s i z e  of the frame. The length 
of the  two arms was the same as the length of the base. The response time of 
30 gauge themocouples mounted on various 
followa: 

s i z e  frames of 18 gauge w i r e  are as 

1 inch frame - 5.0 seconds 
2 inch frame - 2.0 seconds 
3 inch frame - 1.1 seconds 

The thermocouple leads w e r e  in a straight l i n e  between the ends of %he frame 
arms. The third variable investigated was the configuration of the weld made 

a t  the thermocouple junc5ion. me welding w a s  done w i t h  a Weldonatic welder, 
model1026-c using two pound electrode pressure and 5 watt-seconds of heat. 

A copper chromium alloy, C l a s s  2 electrode and a Tungston base i n e r t  Class 2 
electrode wem used. 

repeatabil i ty a junction was f i r s t  broken, the ends trimrmed back, and the junc- 
t ion rewelded. 
of the original thermocouple. 
thermocouples had a widely varying response time. 
junction showed a small length of w i r e  extending beyond the weld. 
of this w i r e  resulted, i n  some cases, in a decrease i n  response time from 3.8 
t o  0.5 seconds. 

The w i r e s  w e r e  overlapped f o r  welding. Te check weld 

The response time of the rewelded thermocouple w a s  within 25 
It. was observed that apparently ident ical  

C a r e f u l  examination of the 

Wbming 

All w e l d s  were carefully trimmed t o  avoid e r r a t i c  data. 
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!be fourth variable investigated was the included angle between the thenno- 

couple leads. The response t h e  of  30 gauge thermocouples mounted on 18 gauge 
frames via varying included angles are as follows: 

74' angle, 1.2 seconds merage for  14  tests.  

98' angle, 1.3 seconds average for 14 tes ts .  
118' angle, 2.0 seconds averege fo r  l4 tests. 
143' angle, 2.8 secanrls avers62 for 14 t e s t s .  

The fifth variable investigakd was the angle which the plane of the frame 
axms made vith the horizontal. The response time with varying mounting angles 
are as follavs: 

45' angle above horizontal, .78 second. 
30' angle above horizontal, -63 second. 
15' angle above horizontal, .go second. 
0. horizontal, 1.1 seconds. 
15' angle below horizontal, 1.2 seconds. 
3' en@e below horizontal, 1.5 seconds. 
45' angle belov horizontal, 1.8 seconds. 

The sixth variable investigated was the effect  of fnsuLating varnish, 
of the varnish on a 24 muge thermocouple by care fu l  scraping resulted in 

approximately 20$ Rductron in thermocouple response time. 
thennocouples used in this work were fabricated from bare w i E .  The muoval  

of varnish from the fmme viros resulted i n  an additional declease of approxi- 

Removal 

The 30 eauge 

mately lo$. 
!l!he seventh variable investigated w a s  the cleaning of the thermocouple. 

Several probes that were cleaned in Ekon had only a slight change in response 

t ime. Cleaning is not felt  to be an important variable. 
The eighth variable Investigated w a s  the speed of thermocouple with- 

drawe;l from the hydrogen bath. The U. inch moveent was made in an average 
the of 0.6 second with small response t i m e  variations at other speeds. 

The investigation of the above variables was the basis for design of 
thermocouples used in  a kjdrogen tankage pressurization study for NASA. 
fik welded therrplocouples were fabricated. 
temperature vas close to  tha t  of Powell, Caywood, and Bunch.3 The average 
timc constant in hydrogen was approximately 0.5 second, and in nitrogen was 

apprcuimatoly 1.2 seconds. 

5. 

Forty- 
Their calibration of output versus 

lrypkal time response curves are shown in Figure 
Same thermocouple locations requimd that they withstand liquid velocities 
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of 32 feet per second and &as veloci t ies  of 50 feet per second. 
couples perfamed sa t i s fac tor i ly  . 

These thermo- 

COIKLUSION 

The ,-esults indicate tkt duz9le  thernocouples can be made 31 quantity 

and have fast reproducible response times. 
fabricated from uninsulated small diameter wire. The thennocouple should be 

mounted in a lightweight w i r t  slingshot frame with support distance 3 inches 

o r  more. 
(the bead about 2 inches beyond the ends of the frame am). 
should be mounted so the  plane of the supports I s  about 30" above horizontal. 
The thermocouple junction should be made by welding w i t h  excess wire carefully 
trimmed away. 

Such thermocouples should be 

, 

The thennocouple leads should form an included angle of about 75' 
The f- 

ACKm0WI;EM;EMEmTS 

This program was begun by the  Fluid Mechanics and Thermodynamics Branch 
of M a ~ h a l l  Space Flight Cehter in  1562. 
indicated that the "slingshot" thermocouple would give the necessary response 
time. 
deai@ for  the particular test  criteria. 

Computer studies and model tests 

Beech Airczaft Corporation continued the NASA program t o  optimize the 
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PBIOPELLABT TANK fBESSDBIZATIOB BY INTERNAL COMBUSTION 

Paul A. Aiedman and Richard J. Kenny 
Hartin Marietta Company, Denver, Colorado 

A hi@y efficient method of pmpellant tank pressurization 
ha3 been developed recently by the -tin Compaqv ,  under Air Force 
sponsorship, employing the storable hypergolic l iquid propellants 
nitrogen tetroxide and a 50/50 fuel blend of hydrazine and dimazine. 
The 'bssic pressurization concept employs a controlled reaction inside 
of the main propellant tanks to  generate the pressurizing gas for 
propellant expulsion. Over 100 subscale system teste  we? performed 
to  develop the process and provide data up to  200 psia. %sed on 
the results of this initial investigation, a mathematical model com- 
puter progrsn? was formulated fo r  predicting pressurization system 
performance characteristics. This analytical model was used to pre- 
dict  full-scale system performance and aid in the design of a flight- 
weight ground-test article. Subsequent 15 second duration demonstra- 
t ion t e s t s  w e r e  'perfonned on the full-scale system at 37 2 0.25 psi3 
t o  verify concept feasibil i ty and establish system capbi l i ty .  Both 
the experimental and theoretical work are described, and technical 
considerations pertinent to  this pressurization method are discussed. 

programe outlined. 
- In addition, recent experimental tests  are summarized and future 
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Introduction 

With the  advent of the  Ti tan  I1 s to rab le  hyper- 
go l i c  l i i u i d  propellants (nitrogen te t roxide  and 
50150 hydrazine-unsynmetrical dimethyl hydrazine 
mixture), considerable i n t e r e s t  developed i n  the 
poss ib i l i t y  of a chemical reaction ins ide  the main 
propellant tank f o r  ullage pressurization. 
s i b l e  elimination of a heat exchanger and reduction 
in pressurant storage tank requirements r e s u l t s  i n  
a 1cr-ar propulsion s y s t e m  weight, thereby improving 
the  overa l l  vehicle mass f rac t ion  (usable propel- 
l a n t  weight/l if  to f f  weight). 
of hi-&-de&ity pressurant storage a t  low pressures 
and moderately l o w  pressurizing gas density have 
been known fo r  some time, but the f e a s i b i l i t y  of 
such a system ins ta l led  i n  a f l igh t - type  propulsion 
system w a s  f i r s t  demonstrated t h i s  pas t  year. 
s p e c i f i c  system developed employs fue l  in jec t ion  i n  
t h e  oxidizer tank (or vice versa) with the control- 
l ed  combustion process providing the pressurizing 
gas f o r  propellant expulsion. 
cont ro l  with solid-stream reagent in jec t ion  and 
propellant surface impingement a r e  employed. 

The pos- 

The primary advantages 

The 

Pulse-mode pressure 

Spec i f ic  objectives of t h i s  program were to  e f -  
f e c t  t he  pressurization process w i t h  precise pres- 
sure  cont ro l  and tolerable thernal leve ls  i n  both 
the  tank wall and the l iqu id  propellant,  with a min- 
imum of propellant degradation. 
goal, extensive experimentation vas performed on a 
.5.33-ft research tes t  tank at 36, 100, and 200 
ps ia  t o  study the process i n  d e t a i l  and e s t ab l i sh  
an  opt- configuration. Based on the  knowledge 
acquired, a mathematical model was formulated on 
t h e  IBM 7094 d ig i t a l  computer for  fu l l - s ca l e  sys- 
:em performance prediction. 
s c r ibes  the thermodynamic h is tory  of a spec i f i c  
l i qu id  rocket pressurization system during normal 
operation. The culmination of the experimental 
and theore t ica l  programs was the  generation of 
full-scale system design c r i t e r i a  and the demon- 
s t r a t i o n  of r e l i ab le  system operation a t  37 ps ia  

in a 279-ft 
tank. 

To achieve t h i s  

3 

This program de- 

3 flight-weight aluminum propellant 

Process Description 

The basic concept of a propellant tank chemical 
pressur iza t ion  system involves the  d i r e c t  i n j ec t ion  
of a hypergolic reac tan t  i n t o  the  main propellant 
with the combustion gases used as the pressurant.  
Figure 1 is a p i c t o r i a l  representation of the  pres- 
su r i za t ion  phenomenon associated with the  system 
developed. The reac tan t  is  s tored  under pressure 
and in t e rmi t t en t ly  in joc ted  by a pressure switch- 
controlled pneumatic valve. Plow of the  r eac t an t  
is i n i t i a t e d  by a propellant tank low-limit pressure 
switch t h a t  opens the  in j ec to r  valve, causing the  
reac tan t  t o  be forced in to  the  propellant tank by a 
100- to 200-psi i n j ec to r  d i f f e r e n t i a l  pressure. 
The reac t ion  occurs in a concentrated a rea  below 
the  propellant surface because of the pene t ra t ion  
capab i l i t y  of the  solid-stream sur face  in j ec t ion  
technique. This method vas se lec ted  f o r  opt- 
performance. 
a l l y  absorbed by the  l i qu id  propellant,  enabling 
moderate pressure rise r a t e s  i n  the propellant tank. 
Reagent in fec t ion  is terminated when the  propellant 
tank high-limit  pressure switch deenergizes the nor- 
mally closed in jec tor .  Experimentation es tab l i shed  
the capabi l i ty  of such a pulse-type in j ec t ion  pres- 
su r i za t ion  system t o  cont ro l  tank pressures v i t h i n  
51% a t  an  in jec t ion  frequency of 2 t o  5 cycles p e r  
sec with a 5% i n i t i a l  u l lage  volume. 

The energy of the reac t ion  is p a r t i -  

During the  research program, i t  became apparent 
t h a t  the in jec t ion  technique vas of primary impor- 
tance i n  es tab l i sh ing  pressur iza t ion  process char- 
a c t e r i s t i c s .  
t he  reac tan ts  i n  a r e l a t i v e l y  i n f i n i t e  quiescent 
quantity,  the nature of the in jec ted  reac tan t  i s  t h e  
major f ac to r  i n  determining the reac t ion  mixture 
r a t i o ,  mass oxidizer/mass fue l  consumed ( v i t h  asso- 
c i a t ed  combustion tenperature and reac t ion  product 
composition), and the amount of heat t ransfer red  t o  
the  propellant a s  a r e s u l t  of subsurface combustion. 
A prec ise  de f in i t i on  of the combustion process i s  
required because of the need to  d i s s ipa t e  approxi- 
m a t e l y  75X of the thermal energy to  the l iqu id  pro- 
pe l l an t  i n  order t o  obtain moderate operating tem- 
peratures.  

Because of the a v a i l a b i l i t y  of one of 

The pressur iza t ion  process is fu r the r  complicated 
by the  f a c t  t ha t  the  quantity of gas generated de- 
pends not  only OR t he  apparent reac t ion  mixture ra- 
t i o . ( R  ) but a l so  the  condensation r a t i o  (R,). The 

quant i ty  of in jec ted  reagent required can be ex- 
pressed as: 

f o r  the  ffiel tank, 

m 

wo=*(*) C 

.od f o r  the oxidizer tank, 
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General Loxic 

R. = reaction mixture ratio (mass oxidizer/ 

pc - reaction condensation ratio (mass  con- 

MSS fuel), 

dcwibles M total products H CP/ ( tPY 

Uo = MSII oxidizer injected, 

Uf = m a  fuel injected, 

V = mass gaseous products. 
CP 

Iha mass of gaseous combustion products required 
is readily determined by the ideal gas law with rec- 
ognition of the partial pressure of propellantva- 
por and possible presence of an initial inert pres- 
suraut. The quantity of condensed products and the 
reaction mixture ratio were determined experimen- 
tally. Based on the extent of experimental investi- 
gation performed, the mixing phenomenon associated 
witb the reaction indicated that a considerable var- 
iation in the reaction mixture ratio is possible. 
For the solid-strew surface injection technique, 
however, this ratio is always in favor of the main 
propellant for the nitrogen tetroxide - 50150 hydra- 
zine-dimazine combination (i .e., fuel-rich in the 
fuel tank and oxidizer-rich in the oxidizer tank). 
Consequently, a minimum quantity of injected reagent 
is required to pressurize a given volrmte. 

Analpais 

A mathematical model of the chemical pressuriza- 
tion process was developed for the IBM 7096 digital 
computer. 
analysis of the'experimental system, empirical re- 
lationships derived from photographic observation of 
the combustion phenomenon, and interpretation of 
ullage gas and propellant composition data. The so- 
lution of simultaneous. mass and energy differential 
equations on an incremental time basis permits the 
prediction of transient pressurization system char- 
acteristics for either a nonvolatile or volatile 
propellant whose vapors may dissociate. Only the 
internal thermodynamics of the propellant tank vith 
cmriromntal influence is considered, and process 
g u  data a d  reagent supply information mast be fur- 
nished. 

The model vas based on thermodynamic 

Unique features of the model include: 

the solution of developed eqcutio- for 
either liquid or vapor phase reaction inside 
the main propellant tank; 

capability for coumon ullage pressurization; 

v.uiation in system configuration, mode of 
Operation, and process par-ters. 

1) 

2) 

3) 

Comp.risoar of predicted reagent consumption, 
injector frequency, and operating temperature his- 
tories with full-scale system test results,shw en- 
couraging agreement. 
nature of the reaction process, further investiga- 
tion is planned to allow performance prediction for 
propplsion system with extensive variations in con- 
figuration OT propellant composition. 

But because of the complex 

The Hathematical Hodel considers pressurization 
of a single tank, or two tanks in series, vith u11- 
age gas from the p r h r y  tank used to pressurize the 
secondary tank. A flow diagram of the general c m -  
putatioa sequence and subroutines is presented in 
Fig. 2. Injection of reactant into the primary tank 
may be controlled by a pressure-actuated on-off 
valve or by a constant-flow orifice. 
flow operation, a time increment is input, and tran- 
sient conditions are calcuirted at the end of each 
interval until shutdown occurs. Fcr cyclic or pulse 
(on-off) operation, a high- and low-pressure value 
for the primary tank is input, and the dependent 
tinr interval is calculated for either pressure de- 
cay to the low level (injector off) or pressure in- 
crease by reaction to the high level. The time and 
transient conditions are calculated at the end of 
each interval until shytdown occurs. 

For constant- 

If two tanks are pressurized in series (commn 
ullage configuration), gas crossflow may occur only 
from the primary to the secondary tank, and then 
only if the primary tank ullage pressure is suffi- 
ciently above the ullage pressure in the secondary 
tank. The crossflov is just sufficient to maintain 
a specific pressure in the secondary tank, and no 
heat loss or pressure drop effects ~n the transfer 
line are considered. Pressure-sensing points may be 
either at tank top or bottom. If at bottom, the 
pressure is the sum of ullage gas pressure plus pro- 
pellant head. 

Beat is transferred by convection behseen the 
gas and the adjacent tank wall, the liquid and the 
adjacent tank vall, the outside wall and the adja- 
cent atmosphere, and across the tranquil portion of 
the gas-liquid interface. For subsurface reaction, 
heat transfer is also considered between the combus- 
tion zone and the liquid. Evaporation and subse- 
quent vapor dissociation can be treated in either 
tank, with heat and mass transfer across the ullage 
gas-liquid interface. The computer progran assumes 
homogeneous mass and energy distribution in both the 
liquid and gaseous phases and homogeneous tempera- 
ture distribution in the tank Val1 adjacent to the 
gas and liquid. It also assumes the ideal gas law 
applies to the ullage constituents. For the range 
in temperature and pressure normally encountered in 
propellant tank pressurization systems, the com- 
pressibility effects may be neglected for noncryo- 
genic applications. 

Time Increment 

With a constant-flow orifice, the cine increment 
is an input constant to the program. For pulse-flow 
injection, however, the injector is actuated when 
ullage presswe drops to or below a specified level, 
and is deactivated when the pressure reaches or is 
above a particular level.. To simulate this vith the 
mathematical model, the required pressure change 
(AP) is calculated and compared with the pressure 
change rate (@/de) to arrive at the required time 
interval -1. The program assrrmes the ideal gas 
law, and that for satall time intervals dP/dQ is 
equal to m/AQ. 



For a combustion cycle,  M = Ph - P, and f o r  a where 

pressure-decay cycle AP = P - P1, where P is u l l age  

gas pressure and Ph and P1 are, respec t ive ly ,  t he  

high-pressure and. low-pressure l eve l s  cont ro l l ing  
the  i n j e c t i o n  cycle.  

For the  idea l  gas l a w ,  

WKI: P = -  n v ’  

M = mole f r ac t ion ,  

)iy * molecular weight, 

UP = weight f r ac t ion ,  

p = viscos i ty .  

C = heat  capacity,  
P 

Dif fe ren t ia t ing  with respec t  t o  time, we g e t  k * thermal contibctivity, 

dP 
de 
- I WR nv - aT - 

ae + - aw 
ae 

WRT - 
Mv2 

av 
ae 

WRT 

M2V 
- 8 = v o h a e t r i c  coe f f i c i en t  of thermal ex- 

pansion, - 
The change rates of u l lage  gas temperature, ( superscr ip t )  = bulk property, 

weight, volume and molecular weight are evaluated on 
the  bas i s  of ca lcu la t ions  over a 1-sec in t e rva l ,  and i (subscript)  - con t i tuen t  property. 

@/de is determined. 

Then 

hp Ae=- (dP/ de) 

The composition of the gaseous combustion prod- 
uc ta  is beet determined by mass spectrometer quanti-  
t a t i v e  ana lys i s .  However, good co r re l a t ion  has been 
obtained between ac tua l  da t a  and calculated r e s u l t s  
from ava i l ab le  combustion programs. Because of the 
quenching nature of the subsurface reac t ion ,  frozen 
product composition quenched t o  ambient tank condi- 

l ib r ium compositicn) as the product temperature is 
reduced from the ad iaba t i c  flame teztperature t o  the 
u l lage  gas temperature. condensible cons t i tuents  
should be considered t o  l i q u i f y  and remain i n  the 

For the case Of dissociating propellant vapors t i ons  should be used ( ra ther  than a s h i f t i n g  equi- t h a t  requi re  i n  i t e r a t i v e  so lu t ion ,  the new u l l age  
pressure is from this fY and the method 
of f a l s e  pos i t ion  used i n  hJ0 i t e r a t i o n s  t o  Prcvide 
g rea t e r  accuracy for  AB. 

liquid-phase propellant.  
gaseous combustion products f o r  the f u e l  tank r e -  
action are presented in Fig. 3.  

Some proper t ies  of .the At the end Of each cycle* the remaining 
lant is compared with an input 1ow-kvel volume and 
shutdown i n i t i a t e d  when the propellant volume i s  
equal t o  o r  less than t h i s  value.  In j ec t ion  is  t e r -  
minated, and a polytropic ullage-gas expansion takes Heat Transfer 

place u n t i l  the- propellant i s  completely expelled. 
During the shutdown sequence, transi-ent conditions 
are per iodica l ly  output u n t i l  progrpn termination 

Heat t r ans fe r  is Considered between the  gas and 
the  adjacent wall ,  the tank wall and the outside 
environment, the  gas and the l iqu id ,  t he  l iqu id  and due to evacuation Of the propellant tank. the adjacent tank wall, and the tank wall and the 
outs ide  environment. G a s  Proper t ies  

External hea t  t r ans fe r  is ca lcu la ted  by Q = The composition of the u l lage  varies with t i m e ,  ) where T is  the  ad iaba t ic  cons is t ing  of i n e r t  pressurizing gas, propellant va- Awall (Taw - Twall aw _ _  ~ - -  
port  and gaseous combustion products. Empirical w a l l  temperature. Both h and T ~~ are tabular  input aw propel lan t  vaporization r a t e s  and d issoc ia t ion  con- 
s t a n t s  are used. To determine the bulk gas proper- 
ties a t  any in s t an t ,  the  average molecular weight 
and quan t i t i e s  of each cons t i tuent  a r e  calculated.  

t o  the program, and a re  based on aerodynamic heating 
ca lcu la t ions  f o r  p a r t i c u l a r  mission p ro f i l e s ,  o r  
they may r e f l e c t  simple hea t  t r a n s f e r  from the ambi- 
ent environment. 

Then 

ii = I w p  c 
P p i  

Calculations of i n t e r n a l  hea t  t r a n s f e r  between 
the l i qu id  and adjacent wal l .  are based on the nat- 
u r a l  convection re la t ionship ,  

E = I MFi ki By assuming m = n and simplifying, 

where C and X are approximately 0.25. 
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Because of the intermittent pressurization pro- 
cess, the ullage gas experiences some degree of 
forced convection. To account for  t h i s  heat traw- 
f e r  from the ullage gas, C and X are fmpirically 
d i f i e d  to  f i t  test data. 

Ccdustion Theory 

Ihe reaction mixture ra t io ,  Em, and the ratio 
of condmsible combustion products to  to ta l  combu- 
t ion products, Ecr, are required to  calculate a ma- 
terial balance around the combustion zone. The in- 
jected reagent flow ra t e  is  determined by the in- 
jector  or i f ice  and the  pressure drop across the 
or i f ice .  A material balance was prfonaed for the 
reaction by comparing the amount "f combustion prod+ 
ucts, based on ullage gas analyses, with the meas- 
ured quantity of injected reagent. 
the condcnsible combustion products was keyed t o  an 
oxygen balance for  the fuel tank reaction and a hy- 
drogen and nitrogen balance in  the oxidizer tank. 
In the particular system evaluated i n  th i s  study, 
the reaction was always fuel-rich i n  the  fuel tank, 
and oxidizer-rich i n  the oxidizer tank. For lack 
of more precise information, the same equivalence 
ra t ios  i n  the fuel and oxidizer tanks, respectively, 
may be used when evaluating other propellant com- 
binations (where equivalence rat io ,  Er, is defined 

aa the ra t io  of the actual reaction mixture r a t io  
t o  the stoichiometric mixture ta t io) .  Uhen t h e  re- 
actant's composition d i f fe rs  from t h e  storable pro- 
pellants tested, this  assunption i o  not expected t o  
be valid. 

Estimation of 

Convective heat transfer between the hot combua: 
t ion gases in t he  canbustion zone and the surrounding 
l iquid Lo calculated by the standasd relationshi# 

Q = M (Tf - T i )  

vhere Tf is the reaction abiabatic flame temperature 

and TI is the bulk l iquid temperature. 

nagen t  to  the area of the combustion zone - l iquid 
interface, we obtain 

By relating the uni t  f l w  ra te  of the injected 

d €or the f i l a  heat t r u u f e r  cd f f i c i en t ,  n use 

h = C,, pr)Oo2 

SMlffYiall, 
hot cabust ion gases and the surrounding liquid, 

interface area, 

film heat trazufcr coefficient, 

empirically derived constants. 

injected nagcot weight flow rate. 

the heat transferred between the 

Total condensation of the condemible combustion 
products occurs in t h e  combustion zone with a rc- 
sul tant  enthalpy increase i n  the l iquid 

where 

Vcl = weight of condensibles, 

AFlv = condensibles' la tent  heat of vapori- 
zation aZrl ,  

pcl  c i f i c  heat (vapor). 
C = condehsibl&s' constant prgesure spe- 

The remainder of the energy l iberated by the combus- 
t ion reaction goes into the ullage w i t h  the gaseous 
combustion products. 

In the oxidizer tank, the heat of reaction for  
the actual mixture r a t io  is approximately -2,500 
B t d l b  reactants, and the energy distribution fo r  
the to ta l  quantity of 28,000 Btu is shown i n  Fig. a. 
In the fuel tank, the heat of reaction is approxi- 
mately -2,100 Btu/lb reactants, because the  reaction 
occurs a t  a mixture r a t io  considerably less than 
stoichiometric. 
of reactants is less i n  the fuel  tank, the quantity 
of.reactants increases, causing the to t a l  amounts of 
energy released i n  each system t o  be more nearly 
equal. The net effect  on the energy distribution i n  
the fuel tank is to  increase the  heat t o  t h e  propel- 
l an t  and the  ullage gases, because propellant vapor- 
ization is insignificant. 

Although the  hea t  of r e a c t i d l b  

Haterid Balance 

Calculated values derived during a material bal- 
ance are sumwised in  Table l. 
based on oxidizer injection into fuel for  a subscale 
system test .  Mass spectrometer analysis of the u l l -  
age g u  indicated that  4.02 standard cu f t  (equiva- 
len t  to  0.313 lb) of gaseous combustion products had 
been gencrated while a measured 0.151 l b  of fuel had 
been injected. 

The summary was 

All quantit ies vere converted to  standard cubic 
feet ,  regardless of their  actual state during the 
proce8s. and their atomic constituents related t o  
these Volumes. 
volurcs for the gaseous combustion,products and 
the injected fuel, a hydrogen balance w a s  used to  
determine the amount of vater condensed in the pro- 
pellant. 
based on an oxygen balance. 
unaccoyxted for w e r e  at tr ibuted t o  the condenaible 
products. 
trogen, a weight balance (products/reactants) of 
94.R was obtained. 

After determining these atomic 

The consumed oxidizer uas then calculated, 
Any atomic reactants 

Excluding the unaccounted carbon and ni- 

1& reaction mixture ra t io ,  R, (weight of axi- 
diter/weight of fuel), vas calculated t o  be 2.34, 
.nd the r a t io  of condensible liquid, Rcl ( to ta l  

n i g h t  of condensibles/ueight of reactaats), vas 
0.m. These two constants are required in the IBn 
70% uthematical  model for  calculating the reaction 
product8 distribution. 74 



Infec t ion  Dynamics 

A-study of t h e  in jec t ion  phenomenon was under- 
taken because the mixing technique assoc ia ted  with 
the  reac t ion  has a s ign i f i can t  influence on the  re- 
a c t i c n  mixture r a t i o ,  product composition, hea t  
t r ans fe r  t o  the bulk propel lan t ,  and system response. 
This study n s  aimed a t  es tab l i sh ing  penet ra t ion  
r a t e  and maximum depth of penetration of t h e  in-  
jected s t r e a m  in to  the main propel lan t  by an analogy 
v i t h  a nonreacting process. 
tioa of the  infec ted  reagent i n to  the  main propel- 
laht is of primary significance i n  determining the  
combustion zone a rea  and r e l a t ed  h m t  t r ans fe r  t o  
t h e  bulk l iqu id .  (See Fig. 5).  In  an  a t t a a p t  t o  
def ine  the primary fac tors  influencing t h i s  phenom- 
enon, a t heo re t i ca l  and experimental examination of 
t h e  nonreacting solid-stteam sur face  in j ec t ion  proc- 
ess was performed. An examination of the  well-known 
bas ic  flow equation shows the  primary influencing 
fac tors :  

The amount of penetra- 

Mass flow r a t e  of in iec ted  reagent 

Xr = Cd A# J-, lbmfsec 

and in i ec t ion  ve loc i ty  

V 

where 

'd = 

A =  
- d  

= 

A P =  

I 
gC 

in jec tor  discharge coe f f i c i en t ,  

o r i f i c e  a rea  ( f t 3 ,  

reagent dens i ty  (lbmbt3),  

in jec tor  d i f f e r e n t i a l  pressure 

( lbf l f t2) ,  

g rav i t a t iona l ,  constant (32.17 

lbm f t / l b f  sec2). 

As shown i n  Eq (5) and ( 6 ) ,  t h e  in j ec t ion  veloc- 
ity is independent of t h e  o r i f i c e  s i z e  f o r  a given 
f l u i d ,  and t h e  mass flow is d i r e c t l y  proportional t o  
t h e  square of the  o r i f i c e  diameter. Both character- 
istics are a function of i n j ec to r  d i f f e r e n t i a l  pres- 
su re  t o  t h e  0.5 power. 
however, i s  l imited t o  a 200-psi maximum i n j e c t o r  
d i f f e r e n t i a l  pressure t o  avoid atomization of t h e  
solid stream.- Consequently, i n j ec to r  o r i f i c e  diam- 
eter is of primary importance in  con t ro l l i ng  pene- 
t r a t i o n  cha rac t e r i s t i c s  and systen response. 
achiev-. maximum systen response, a small i n j e c t o r  
o r i f i c e  diameter and high in j ec to r  d i f f e r e n t i a l  
pressure are required. 

The in j ec t ion  ve loc i ty ,  

To 

A f i n i t e  depth of pene t r a t id i  fo r  a nonreacting 
process can be readi ly  determined from an  energy 
balance when the  sum of the  po ten t i a l  and k i n e t i c  
energy of t he  stream, diminished by the  energy-dis- 
s ipa ted  i n  f r i c t i o n a l ,  i n e r t i a l ,  and drag forces ,  is 
equal t o  zero. This r e l a t ion  is  expressed as:  

- + - - ( f %  wv2 pv2 AS + L A c  P + C -pvzA$L = 0 (7) 
2gC gc * d 2gc 

where 

W = weight of f l u i d  injected(lbm), 

L = penet ra t ion  dfatance ( f t )  , 
Pvf f - A ~  = energy lo s s  dire t o  slcin f r i c t i o n  
2gC ( f t  Lb). 

= energy lo s s  due t o  i n e r t i a l  of t he  
displaced f l u i d  ( f t  l b ) ,  

PVL Ac = drag lo s s  ( f t  Ib) - %2gc 
By neglecting t h e  f r i c t i o n a l  e f f e c t s ,  t he  pen- 

e t r a t i o n  r a t e  can be derived by r e l a t i n g  pressures 
a t  t he  s tagnat ion  point of a j e t  impinging on a 
t a rge t .  Thus: 

where P and P are the  d e n s i t i e s  of t h e  in jec ted  and 

penetrated f l u i d  and U i s  the  pene t ra t ion  r a t e .  
J 

I f  Pj  = P ,  Eq (8) redues to ,  

( 9 )  u = v 12. 
j 

I f  Pj # P, Eq (8) can be expended and solved 

f o r  Ua, t h e  average penet ra t ion  r a t e  giving, 

VjPj f Jvj' P - p - P v (Pj - P )  (10) 
j J j j  

2 (Pj - P )  
'A = 

To asses s  the r e l a t i v e  importance of i n j ec t ion  
ve loc i ty  and mass flow r a t e  on penet ra t ion  charac- 
teristics f o r  the non r eac t ion  process,  an experi- 
mental program Vas conducted t o  provide a comparison 
with the  theo re t i ca l  ana lys i s  and data accumulated 
during t h e  experimental program conducted with t h e  
hypergolic propel lan ts .  
study was performed by t h e  dovnward in j ec t ion  of 
colored w a t e r  i n t o  a wa te r - f i l l ed ,  5-gal. cy l ind r i -  
c a l  g l a s s  container ca l ib ra t ed  with a #-in. g r id .  
The process w a s  analyzed by inspecting motion p ic -  
t u r e s  taken a t  200 fps .  Water was in j ec t ed  through 
o r i f i c e s  0.006, 0.035. 0.015 and 0.040 i n .  i n  diam- 
e t e r  a t  d i f f e r e n t i a l  pressures of 75 and 150 ps i .  
The data obtained a r e  suuuarized i n  Table 2. A l l  
d a t a  reported w e r e  deterimed from photoanalysis 
except t h e  in j ec t ion  ve loc i ty ,  which was computed. 
P a r t i c u l a r l y  s i g n i f i c a n t  was t h e  pene t ra t ion  d i s -  
tance,  which increased l i n e a r l y  with the  o r i f i c e  
diameter f o r  a given i n j e c t i o n  ve loc i ty  and was 
approximately propor t iona l  t o  the  square root  of the  
i n j e c t o r  d i f f e r e n t i a l  p ressure .  
t r a t i o n  r a t e  was approximately 50% of the  theoreci-  
c a l  maximum and hdependent  of o r i f i c e  s i z e ,  a s  
expected from an  inspec t ion  of t h e  influencing 
parameters. See  Eq (10). 

The non reac t ing  process 

The average pene- 
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Table 3 compares the  ac tua l  and urpccted veloc- 
ities computed from Eq ( 6 )  and (10) fo r  water, a 
50150 blend of hydrazine and u n s p t r i c a l  dimethyl- 
hydrazine, and nitrogen tetroxide f o r  75-psi injec- 
tor d i f f e r e n t i a l  pressure. 
process Ln the oxidizer tank did no t  p e r m i t  photo- 
graphy because of the dark color  of the l iquid pro- 
pel lant ,  there is no iden t i f i ca t ion  of the actual 
penetration rate o r  distance. Although the pene- 
t r a t i o n  processes are s ign i f i can t ly  different ,  the 
ac tua l  penetration rate f o r  the combustion process 
appears to be 50% of the tkeorer ical  average fo r  a 
nonreacting process. Par t icular ly  interest ing was 
the fact that a maximum penetration distance was 
reached i n  each nonreacting test, as opposed t o  a 
reacting type process that appears t o  b e  liinited 
only by the  inject ion duration o r  the physical 
boundary of the system. Based on the lack of cor- 
r e l a t ion  with theory, more extensive investigation 
of the penetration phenomenon with the reacting 
process is required t o  include propellant and in- 
j ec t an t  combustion rates and t o  iden t i fy  the effects  
of c d u s t i o n  zone counter flow currents  induced i n  
the main propellant. 

Since the combustion 

Experimental Pronram 

The experiaental  program consisted of more than 
100 subscale tests, including both single-tank and 
comnon-ullage configurations. Testing w a s  performed 
i n  a special scale model test f ix tu re  that  was 2% 
as large as the f u l l  s i z e  system. 
minute propellant expulsion w a s  us&d, based on typ- 
ical  rocket vehicle mission durations. A l l  tests 
were f u l l y  instrumented, and gas composition data 
and motion pictures of the combustion process were 
obtained on approximately 80 runs. During t h i s  por- 
t ion of the program, the pulse mode inject ion s y s t e m  
was deve lop4  and experimental data acquired for 
var ia t ions i n  in j ec to r  nozzle type, size, and loca- 
tion and a t  operating pressures of 36, 100 and 200 
p ia .  Sat isfactory system operation w a s  achieved 
with inject ion pressurization of the i n i t i a l  ullage, 
during variable outflow and restart, and with in- 
duced random vibration. The basic t e s t  program 
described herein pertains t o  single- tank pressuriza- 
t ion only.. 
recomaended because of several  special  design con- 
s iderat ions required f o r  s t ab le  pressure control. 

Test  Configuration 

To evaluate the e f f ec t s  of inject ion technique 

A nominal 2#- 

The common-ullage configuration was not 

8nd &cquire necessary data f o r  ful l -scale  system 
3 design, special  5-113 f t  

f r w  518-in. wall 6061-0 aluminum helium spheres. 
Figure 6 shows the general equipment arrangement 
and Fig. 7 flow schematic. 
3-in. diamcter x 314 in. Tuf-flex camera ports fo r  
combustion photography and a 1-in. diameter pyrex 
propellant o u t l e t  f o r  visual  observaticn of the ex- 
pelled propellant. The tank o u t l e t s  w e r e  contoured 
t o  prevent cavitation and dropout, and baffled to  
reduce vortexing and allow containment of the sub- 
surface combustion zone. Figure 8 shous the pro- 
pel lant  o u t l e t  and ba f f l e  arrangement. Additional 
ports were provided f o r  reagent injection, overpres- 
sure protection, propellant level  sensors, cOmPOn 
ullage, instrumentation, and pro2ellant and ullage 

test tanks w e r e  fabricated 

Each tank contained tu0 

gas sampling. 

A pulse-mode pressurization system w a s  selected 
and developed, based QO posi t ive shutoff,  moderate 

operating temperatures, and precise pressure control 
with emphasis on system ve r sa t i l i t y .  
vas fabricated from a commercial-type chemical 
spraying device with a 0.0135-in. diameter o r i f i ce ,  
and was pneumatically operated. A Bellevil le-type 
p r e s s u r e  switch control of the &way solenoid valve 
was used. This design allowed interchangeabili ty of 
injector  nozzles and permitted surface o r  subsurface 
reagent impingement by adjusting the length of in- 
ser t ion in to  the t e s t  tart. Reagent uas supplied 
from a 1-in. diameter x 18-in. cal ibrated pyrex res- 
ervoir pressurized t o  maintain a 75-psi i n j ec to r  
d i f f e ren t i a l  pressure. Overpressure protection was 
provided by dual 2-in. diameter burst  d i sc s  and a 
pressure switch-actuated &in. diameter vent and 
relief valve. 
matic test sequencing, malfunction detection, and 
automatic correct ive act ions with capabi l i ty  f o r  
manual override. A l l  systems w e r e  remote operated 
and f a i l  safe ,  with high response i so l a t ion  valves 
provided i n  the reagent supply and common ul lage 
l ines .  

The i n j ec to r  

Control console logic included auto- 

Test Procedure 

The scope of the experimental program included 
an evaluation of solid-stream and 15 deg fan spray 
reagent inject ion with surface and subsurface im- 
pingement and a deteminat ion of cormon ullage 
f eas ib i l i t y .  
psia tank pressure established in j ec to r  s i z e  and de 
s i r ab le  inject ion methods. 
performed with the c m o n  ul lage configuration and 
single-tank system a t  36, 100, and 200 psia to es- 
t ab l i sh  operating pressure influences on the p res -  
sur izat ion process. 
tests were performed with a minimum 5 2  i n i t i a l  ul- 
lage pressurized by the  inject ion system with the 
pressure maintained during zero, constant, and 
var iable  propellant outflow. 
minutes long except f o r  demonstrations simulating 
r e s t a r t  capabi l i ty  when an unpressurized 10-minute 
coast  period w a s  included. 

Preliminary experimentation a t  a 36- 

Subsequent tests w e r e  

To d e t e d n e  system capabi l i ty  

A l l  tests w e r e  2#- 

Although a var ie ty  of configurations were in- 
vestigated and several  d i f f e ren t  test series w e r e  
performed, the operating procedures and test condi- 
t ions were duplicated f o r  each run. The i n i t i a l  
subscale inject ion system evaluation tests w e r e  per-  
formed i n  the fuel  tank, with the ul lage gas used t o  
pressurize a water-fi l led oxidizer tank. Comon 
ullage tests w e r e  a l s o  perfonned with a l i v e  oxi- 
dizer ;  however, an emphasis has been placed on the 
recamnended single-tank system (i .e. ,  separate re- 
agent inject ion i n t o  each tank). Ambient pressure 
was generally 11.7 psia with a 60 f 10°F temperature 
range. 
35- minimum and a 90°P maximrnn ambient temperature 
without a noticeable change i n  reaction 
character is t ics .  

A few tests, hwever,  were performed a t  a 

The n o m 1  loading sequence f i r s t  required 
f i l l i n g  the calibrated injectant  reservoir and then 
pressurizing i t  tc the desired level  with nitrogen. 
The i n i t i a l  load was recorded a f t e r  entrained vapor 
was bled from the inject ion system, which was then 
placed i n  a manual mode f o r  safety.  Gas sampling, 
instrumentation, photographic, and television equip- 
ment w a s  then readied and a propellant sample 
procured. Propellants were loaded to  the ident ical  
ullage (either 5 or 30%) f o r  each test, by monitor- 
ed ul t rasonic  l iquid l eve l  sensors. Represurizat ion 
vas generally accomplished by the  autceat ic  inject ion 
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system; however, early t e s t s  used helium i n i t i a l l y  
f o r  sa fe ty .  Propellant outflow was automatically 
i n i t i a t e d  by the  control console and manually ad- 
jus ted  using remote operated modulating type propel- 
l a n t  valves.  
the  tank u l lage  pressure within ilX during the  ex- 
pulsion of 959. of the i n i t i a l  p rope l lan t  load. 
propellant low leve l  sensor automatically terminates 
in j ec t ion  and sequences the  propellant valves 
closed. Final propellant sample a d  u l lage  gas 
sample were taken ilnnediately a f t e r  each t e s t .  

Data Acquisit ion 

The pressurization process maintained 

A 

The instrumentation monitoring system employed 
CEC oscil lographs and Sanborn and Br i s to l  recorders 
with a l l  systems ca l ibra ted  t o  ensure a 1% data 
accuracy. 
f o r  the subscale t e s t  program is shown i n  Fig. 9. 
Pressures were measured by ca l ib ra t ed  CEC unbonded 
strain-gage, bridge-type transducers and w e r e  tem- 
pera ture  compensated. Tank wall  temperatures were 
measured by copper-constantan type T thermocouples 
bonded t o  the  external sur face  i n  three  locations.  
Shielded chromel-alumel type K thermocouples were 
used f o r  measuring l iqu id  temperatures and the  u l -  
lage gas temperature p r o f i l e  by use  of a thermo- 
couple rake in s ide  the tank. Propellant flow r a t e s  
were obtained from Cox turbine-type f lowmeters with 
e i t h e r  a Dynac d i g i t a l  readout o r  continuous San- 
born recording. The subscale t e s t  f i x t u r e  was sus- 
pended on w i r e  ropes t o  allow acqu i s i t i on  of 
v ibra t ion  data, which was obtained by t r i a x i a l  
c rys ta l - type  Statham accelerometer. 

A schematic of t he  instrumentation system 

In addi t ion  t o  photographic and t e l ev i s ion  ob- 
serva t ion  of t h e  combustion process and discharged 
propel lan t ,  gas samples w e r e  obtained during and 
a f t e r  each t e s t .  A schematic of t h e  gas sampling 
sys tan  is  shown i n  Fig. 9. Approximately 120 spec- 
imens w e r e  acquired i n  evacuated g l a s s  bo t t l e s .  
Each sample was analyzed a t  operating temperatures 
within 48 hours by the National Bureau of Standards 
a t  Boulder, Colorado, on a mass spectrometer t o  an 
accuracy of 1200 parts per million,. 
ana lys i s  was performed by combinations of w e t  chemis- 
t r y  and thermal conductivity methods a t  the  Martin 
Company Quality Control Laboratories t o  determine 
the  quant i ty  of water and other contaminan';s formed 
i n  addi t ion  to  identifying any changes i n  chemical 
composition. Condensate obtained from the f u l l  tank 
u l l age  w a s  analyzed by mass spectroscopy, X-ray d i f -  
f rac t ion ,  in f ra red ,  and v e t  chemistry. A pos i t ive  
iden t i f i ca t ion  of the condensed products formed i n  
the  f u l l  tank w a s  not obtained because of the com- 
plex na ture  of the  reddish brom substance;.however, 
the primary consti tuents included U D W  and amnonia. 

b e t i m e n t a l  Test  Results 

Propelfant 

Based on data and process information acquired 
during t h e  subscale program, the  f e a s i b i l i t y  of t he  
chenical pressurization method w a s  ve r i f i ed  and 
considerable knowledge acquired f o r  incorporation i n  
the  mathenutical model used fo r  pred ic t ing  f u l l s c a l e  
system performance. 
discoveries r e l a t ing  t o  t h i s  pressur iza t ion  process 

the  e f f e c t  of in jec t ion  method on operating 
chorac t e r i s t i s s  shown i n  Table 4 f o r  t h e  f u e l  tank. 
Each of t h e  four  injection methods produced a 
cha rac t e r i s t i c  gaseous product composition and flame 
temperature as a r e su l t  of t he  va r i a t ion  i n  apparent 
r eac t ion  mixture r a t io .  

One of the  most s ign i f i can t  

Because of t h e  complex 

na tu re  of t h e  reac t ion ,  some empirical techniques 
a r e  required f o r  system performance predic t ion .  

Figure 10 shows t h e  theo re t i ca l  and ac tua l  v a r i  
a t i o n  i n  combustion product molecular weight and 
ad iaba t i c  flame temperature a s  a function of 
reaction-mixture r a t i o .  Actual flame temperatares 
were determined from an energy balance and supportec 
by a q u a l i t a t i v e  comparison of combustion photos, 
which a r e  shown i n  F ig .  11 f o r  each of t he  four in- 
j ec t ion  methods i n  the  f u e l  tank. The va r i a t ion  i n  
system operating temperatures (Table 4) was prim- 
a r i l y  influenced by t h e  loca t ion  of t h e  combustion 
zone and t h e  ex ten t  of reac t ion  quenching. 
l a r  thermal behavior was a l s o  apparent from a l i m -  
i t e d  number of tests performed i n  t h e  oxid izer  tank, 
b a t  the  combustion product gas composition and re- 
ac t ion  m i x t u r e  r a t i o  were r e l a t i v e l y  constant.  
Table 5 sunnnrizes typ ica l  pressur iz ing  gas composi- 
t i o n  f o r  e i t h e r  tank a s  determined by mass 
spectrometer. 

A s i m i -  

Solid-stream in j ec t ion  with sur face  impingement 
was se lec ted  a s  t h e  optimum method f o r  pressurizing 
t h e  N204/UDMH-N2H4 propel lan t  combination because of 

t he  low molecular weight gas obtained and des i r ab le  
system operating tenpera ture  experienced. The r e -  
s u l t a n t  low density pressurant i s  required to  reduce 
system weight i n  f l i g h t  appl ica t ions .  Subsurface 
in j ec t ion  was not considered p r a c t i c a l  fo r  mis s i l e  
use  because of the  3g v ib ra t ion  leve ls  encountered 
i n  the  longi tudina l  a x i s .  With the  in j ec t ion  method 
se lec ted ,  an average of 0.39. by weight water is 
formed i n  the  propel lan ts  with an in s ign i f i can t  
change i n  composition o r  v i scos i ty  f o r  a 36-psia, 
150-sec t e s t .  The s l i g h t  e f f e c t s  of contaminated 
propellants on s p e c i f i c  impulse a r e  shown i n  Fig. 
12, based on theo re t i ca l  performance of a typ ica l  
rocket engine opera t ing  a t  sea l eve l  with a 500-psia 
chamber pressure  and an  a rea  r a t i o  of 5.69. V i s u a l  
observation of t he  prgpel lan t  during expulsion 
v e r i f i e d  the  absence of entrained gases o r  s o l i d  
contaminants. 

Typical data f o r  t h e  subscale system a t  a 36- 
ps ia  tank pressure are shown i n  Fig. 13 with a 
de t a i l ed  presenta t ion  of t he  temperature s t r a t i f i c a -  
t i o n  i n  t h e  u l l age  shown i n  Fig. 14 and 15. 
pressur iza t ion  system exhibited s t a b l e  pressure con- 
t r o l  during i n i t i a l  p ressur iza t ion  of t he  5% u l l age  
volume, rap id  s t a r t  t r ans i en t s ,  p ressur iza t ion  a f t e r  
a lo-minute coas t  period, and during.norme1 opera- 
t i o n  with an  induced random hor izonta l  v ibra t ion  of 
f 114 i n .  a t  a frequency between' 1 and 3 cps. The 
performance of t h e  subscale system a t  higher pres- 
sures  is summarized i n  Table 6 with the  per t inent  
parameters p lo t t ed  i n  Fig. 16. 

The 

I n  general  t he  reagent consumption is s l i g h t l y  
higher i n  the  oxid izer  tank because of the  lover 
operating temperatures and change i n  reac t ion  
cha rac t e r i s t i c s .  
temperatures a t  higher pressures appears t o  present 
a l imi t a t ion  f o r  t h i s  i n j ec t ion  method; however, 
fu r the r  experimentation may a l l e v i a t e  excessive tem- 
pera tures  by subsurface in j ec t ion  during t h e  f i r s t  
por t ion  of propel lan t  outflow. 
a r e  r e l a t i v e l y  moderate because of t he  l a rge  hea t  
capacity of t he  thick-walled test vesse l  and small 
quant i ty  of pressurant generated. 

The increase  i n  system operating 

The temperatures 
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Demons t r a  t ion Roaram 

p r k r y  objectives of the ful l -scale  demonstra- 
t ion test program w e r e  1) t o  demonstrate system 
c a w b i l i t y  i n  f l i g h t  weight propellant tanks; 2 )  To 
.c-late suff ic ient  data fo r  verifying r e l i ab i l -  
i t y ,  repeat ibi l i ty ,  and performance predictions; 3) 
TO provide design inforumtion for  future  system 
development. 
surization process was performed i n  ident ical  f u e l  
and oxidizer tanks a t  37 psia (Fig. 17). The tanks 

w e r e  279 f t  capacity, chen-milled aluminum missile 
propellant tanks, acquired from salvage, and modi- 
f i ed  s l i g h t l y  t o  accommodate the requirement of the 
demonstration test program. A top view of t he  test 
tank (Fig. 18) displays the  injector ,  relief valve, 
pressure svftch,  propellant high level  sensors, and 
miscellaneous instrumentation. The general test 
procedure, data acquisit ion,  and system configura- 
t ion were ident ical  t o  t h a t  used i n  the  experimental 
program, except f o r  the reagent supply and measuring 
system (Fig. 19). 
agent was stored i n  a 0.SZ3-ft3 spherics; steel tank 
suspended from a load cell .  
agent veight recorded provided a d i r ec t  readout that 
showed good correlation v i t h  reagent consumption 
determined by an integration of the injector switch 
t race and known f l o w  capacity of the injector .  

W o n s t r a t i o n  of the chemical pres- 

3 

For the  demonstration tests, re- 

The d i f f e ren t i a l  re- 

Desiun Considerations 

Although a sa t i s f ac to ry  technique has been de- 
veloped for  predicting t h e  thermodynamic performance 
of a chemical pressurization system for  the Titan 11 
storable  propellants, a considerable amount of addi- 
t i ona l  investigation is needed to ident i fy  process 
influence parameters. 
ing performed, empirical techniques have been de- 
veloped t o  sa t i s f ac to r i ly  describe a good portion of 
t he  physical-chanical pkenmenon. A more detailed 
examhation of the inject ion and combustion process, 
however, w i l l  improve the  accuracy fo r  performance 
prediction of various ful l -scale  system 
configurations . 
Adiabatic Flame Temperature 

Based on :he extent of test- 

The adiabatic flame temperature normally is  de- 
termined by a separate IBn 7094 propellant perform- 
ance program developed by NASA. s ince a wide var ie ty  
of operating conditions can be ewmined i n  a re la-  
t i ve ly  short  period of t i m e .  
a l so  be determined by a hand computation based on 
the  heats of reaction of products and reactants,  a s  
was previously described for  calculating t h e  actual  
flame temperature f r w  test  data. 
theoretical  value has never been ver i f ied by a test 
measurement, t h e  energy balance appears t o  support 
t h i s  method. The adiabat ic  flame temperatures a t  
36 psia fo r  a range i n  reaction mixture r a t i o  a r e  
s h m  i n  Fig. 10. These values w i l l  increase 
s l i g h t l y  with pressure and vary with the par t icular  
propellant combination under consideration. Errors 
i n  the assumed reaction mixture r a t i o ,  needed i n  
the  mathematical model developed, w i l l  a f f e c t  the 
amount of heat released t o  the system. 

Reaction Mixture Ratio and Condensation Zatio 

This parameter can 

Although the 

The ver i f icat ion o r  d i r ec t  measurement of the 
reaction mixture r a t i o  (UJUF) or  t he  condensation 

r a t i o ,  kJ(Uo + UF)] has not been possible because 

of t he  r e l a t ive ly  small quant i t ies  involved i n  the 
reaction and inconsistent chemical determinations. 
Consequently, a material  balance technique, pre- 
viously described, was selected.  
or iginal ly  based on a knowledge of the quantity and 
composition of gaseous products formed and the 
amount of injected reagent consumed. 
these parameters must be determined by test because 
of unknown influence factors .  I n  the absence of 
test data, the W A  computer program is enployed a t  
the inverse equivalence r a t i o  (stochiometric mix- 
t u r e  ra t io/actual  mixture r a t io )  previously estab- 
l ished fo r  the Ti tan 11 propellants. These values 
a r e  shown in Table 8501: two sizes  of systans that do 
not appear t o  be  s ignif icant ly  affected by operating 
pressures below the  ZOO-psia anximum test pressure. 
The equivalence r a t i o  is now considered the best  
assumption for  predict icg reaction character is t ics  
for  oL\er propellants. This theory, however, has 
not been ve r i f i ed  by test. 
densed products is generally determined by assuming 
that the state of the f l u i d  is dictated by the bulk 
l iquid propellant temperature. 
densibles for  t h e  Titan I1 propellants a r e  generally 
less- than 0.3% and not Considered an engine perform- 
ance detriment. T h e . v n t i t y  of injected reagent 
required must be increased t o  canpensate fo r  t h i s  
condition. 
of condensate formed, a material  balance can be 

This method was 

A t  present, 

The quantity of con- 

The amount of con- 

To determine maximum possible quant i t ies  

Demonstration Test Results 

Four tests w e r e  performed on the fuel ' tank and 
twa on t h e  oxidizer tank t o  achieve the program 
objectives. A l l  tests w e r e  completed successfully, 
including one restart test with a LO-minute coast 
period f o r  each tank. Precise  pressure control of 
37 * 0.25 psia uas achieved for  a l l  tests with the 
experimental systan in j ec to r  incorporating a 0.047- 
in. diameter o r i f i c e  tube. Reagent consumption and 
operating temperatures w e r e  within allowable pre- 
determined values. No entrained gas was observed i n  
the propellant o u t f l w  l i n e  s igh t  glass ,  and there 
was no noticeable tank vibration or  pressure surges. 
A sound recording made of the cwbustian process. 
hovevet. indicated a very high r a t e  of gas genera- 
tion. The most signif icant  observation concerning 
the  ful l -scale  system data was t h e  change i n  reac- 
t i on  mixture r a t i o  encountered from the  small-scale 
test program. Table 7 compares the  experimental and 
demonstration systems ' performance. 

A complete explanation f o r  t he  change i n  process 
characteristics is not known. but the increase in 
injector  size was probably a s ignif icant  influence 
parameter. The gas camposition was r e l a t ive ly  un- 
affected and agreed with the  experimental system 
data. 

Figures 20 and 21 compare actual  and predicted 
drlx f o r  the fuel and oxidizer tanks, respectively. 
fhe predicted reagent consumption was adjusted t o  
r e f l e c t  the ac tua l  var ia t ion i n  reaction mixture 
ratio. 
trace is shown i n  Fig. 22. The i n i t i a l  injector 
frequency YBS 2.5 cycles!sec pirxinup i n  t he  fuel 
tank and 5 cycles/sec maximum i n  the oxidizer tank 
vf th  pressure controlled to within f 0.7 p s k .  
test uas performed w i t h  hzlium prepressurhation of 
t he  5% i n i t i a l  ullage,  750-gpm propellant outflow 
rate, 8nd a Z#-ainute test duration (ercept for the 
rmtrrt tests vith a 10-minute coast period). 

A segment of typical  fuel  tank pressure 

Each 



writcen t h a t  assumes a11 a v a i l a b l e  hydrogen and ox- 
ygen combines t o  form water. These va lues  f o r  t h e  
T i t a n  11 propel lants  a r e  1.1615 l b  H20/lb f u e l  in-  

jec ted  i n  t h e  oxidizer  tank and 0.7826 l b  H20/lb 
N 0 

Propel lant  Vaporization 

i n j e c t e d  i n  t h e  f u e l  tank. 
2 4  

Experimental data have shown a n e g l i g i b l e  quan- 
t i t y  of propel lant  vapor i n  t h e  f u e l  tank. Oxidizer  
vaporizat ion amounted to approximately 307. f o r  a 
range i n  tank operating pressure of  36 tc  200 psia .  
This condi t ion apparent ly  r e s u l t s  from the  high rate 
of propel lan t  vaporizat ion i n  the  combustion zone. 
In  the case of nit rogen te t roxide ,  the l a r g e  quant i -  
t y  of heat required for vaporizat ion reduces the  op- 
e r a t i n g  temperature of the  system, causing a g r e a t e r  
quant i ty  of reactants  to  be consumed. The addi t ion-  
a l  propel lant  required f o r  both t h e  r e a c t i o n  and 
vaporizat ion must be considered i n  a s s e s s i n g  the  
pressur iza t ion  system ve ight  penal ty  and d e t e m i n -  
ing v e h i c l e  propellant load requirements. 
weight penalty, however, may not  be a s i g n i f i c a n t  
disadvantage i n  c e r t a i n  cases  where t h e  propel lan t  
has a low vapor molecular weight, such as f o r  l i q u i d  
hydrogen. 

Zero Gravi ty  Pressurizat ion 

T h i s  

Although no reduced g r a v i t y  tests were perform- 
ed, a n  obsemat ion  of the  pressur iza t ion  process 
c h a r a c t e r i s t i c s  allows some speculat ion f o r  space 
v e h i c l e  appl icat ion.  

Since the  h e a t  generated by t h e  reac t ion  is an 
important f a c t o r  i n  improving pressur iza t ion  system 
performance by reducing the u l lage  gas  d e n s i t y  and 
consequently system weight, i n j e c t i o n  during a coast  
period is not recommended. Further ,  p ressur iza t ion  
before  a restart can be accomplished i n  a minimum 
t i m e  i n t e r v a l  because of t h e  except ional  gas- 
generat ing capabi l i ty  o f  this type of  pressur iza t ion  
iaethod. 
c o a s t  period i s  required, special precaut ions may be 
required to  ensure p o s i t i v e  reac t ion  cont ro l .  TWO 
s i t u a t i o n s  warrant c a r e f u l  cons idera  t i o n  : 

I f  continuous pressur iza t ion  during the  

The reaction may be  a f f e c t e d  a t  the tank 
w e l l  or critical areas i n b i d e  the propel lan t  
tank where hea t  damage would r e s u l t .  

The reagent may be allowed t o  vaporize and 
not react ins ide  t h e  tank, causing a f u e l /  
o x i d i z e r  atmosphere t h a t  could be detonated 
by a l i q u i d  phase react ion.  

To e l imina te  these  tu0 p o s s i b i l i t i e s ,  t h e  recom- 
mended propel lan t  tank design would incorpcra te  sur -  
face  tension pr inc ip les  to e s t a b l i s h  p o s i t i v e  
propel lan t  or ien ta t ion  and t o  ensure a l i q u i d  phase 
reac t ion  a t  a l l  times. A nonvola t i le  reagent  o r  an 
i n e r t  gaseous product would be d e s i r a b l e  i n  t h i s  
s i t u a t i o n  t o  improve system r e l i a b i l i t y .  

Propel lan t  Tank Pressure Control 

Fundamental pressure c o n t r o l  can be achieved by 

The pre- 
pressure-switch actuat ion of an e l e c t r i c a l l y  oper- 
mted solenoid valve of low-current drain.  
s e n t  s ta te-of- the-ar t  l i m i t s  the maximum i n j e c t o r  
frequency a t ta inable  to  approximately 35 cps. By 
a d j u s t i n g  the i n j e c t o r  o r i f i c e  s i z e  and pressure 
control band, this pressur iza t ion  method w i l l  

. 

genera l ly  exceed present  modulating-type pressure  
c o n t r o l  systems. 
chemical-type pressur iza t ion  system should include 
an i n j e c t o r  i s o l a t i o n  va lve  t o  terminate  reagent  
supply i n  the  event  of c o n t r o l  system or  i n j e c t o r  
malfunction. Normal pressure  r e l i e f  va lves  should 
be incorporated i n  t h e  prqpel lan t  tank w i t h  s u f f i -  
c i e n t  flow capac i ty  and response to accommodate a 
f a i l e d  open i n j e c t o r .  

Overpressure pro tec t ion  f o r  a 

XCditioral Exr*ri&t-'.al Rnaraas 

Two a d d i t i o n a l  propellant combinations have 
been inves t iga ted  for  a p p l i c a t i o n  of the chemical 
p r e s s u r i z a t i o n  technique: 

Aluminum m i n e  thixotmpe and nitm- 
gen te  t m x i d e  

1) 

2) Liquid hydmgen and f l u o r i n e  

The t h i x o t r o p i c  experimentat ion vas c o n f i m d  t o  
open conta iner  tests. 
j e c t e d  f o r  5 seconds through a 0.014 inch diameter 
i n j e c t o r  i n t o  the f u e l  surface. 
b r i l l i a n t  u h i t e  r e a c t i o n  zone s e v e r a l  inches a c r o s s  
developed at and belov t h e  propel lan t  sur face  with 
a shower of white flowing s p s r k s  generated i n  addi- 
t i o n  t o  gaseous combustion pr0dGt.s I d .  'be process 
i n d i c a t e d  the p o s s i b i l i t y  of s t a b l e  pressure contrdl, 
ar.6 no s o l i d  combustion products w e r e  de tec ted  when 
the  propel lant  vas passed through a 16 mesh sieve. 
Figure 23 contains  photos of t h e  r e a c t i o n  taken  at  
0.035 second in te rva ls .  
will be f u r t h e r  inves t iga ted  by t h e  Pfartin Company 
under Edwards A i r  r'orce Base Contract AF 04(611)-9952 

Nitrogen t e t r o x i d e  was in- 

A well-defined 

This propel lan t  combination 

'The crj.ogenic i n v e s t i g a t i o n  was p r f o n n e d  i n  a 
research t e s t  apparatus  s i m i l a r  t o  that used for  the  
s t o r a b l e  propel lan t  t e s t  program, but with a 1 mln- 
U t e  test duration. 
ft. i n s u l a t e d  tank was pressurized to  150 p s i a  by 
injecting f l u o r i n e  i n t o  the  LI$ surface. 
a feu successful  tests were performed, combustion 
was unre l iab le  and therefore  r e q u i r e s  some p o s i t i v e  
ignition. 
confirmed t h e  reactants were non-kqprgol ic  i n  an 
extremely clean system. 
Martin-Denver in  conjunct ion with t h e  Advanced Ress- 
urization Study, NAS 3-2574. Although testing has 
been terminated, some cons idera t ion  i s  being given 
t o  the use of an a c t i v a t i n g  agent i n  the  system. 
(See re ferences  8 and 9). 

LiquiC hydrogen i n  a 5 1/3 cu. 

Although 

Subsequent i n v e s t i g a t i o n  i n  a glass dewar 

This work was performed at 

W t u r @  pmR1.ams 

The folloviag is  8 summary of current s t a t u s  
of chemical p r e s s u r i z a t i o n  s t u d i e s  at the Martin 
COmpsng-. 

Main Tank I n j e c t i o n  F e a s i b i l i t y  Study for Sled  
Tes t  Vehicles - AS? 04(611)-10214 

Thia program involves  scale model testing of 
p ~ s s u r i z i a g  t w o  propel lan t  systems of current 
interest f o r  rocket  s l e d  a p p l i c a t i o n %  

1) 

2) 

Nitrogen t e t r o x i d e  - U n s y m m e t r i c a l  di- 
methyl hydrazine at 900 psig. 
I n h i b i t e d  r e d  fuming n S t r i c  a c i d  - 50/50 
JPJ+/mMa at 600 psig. 
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A theomtical and test fixture deem study bave 
been completed under kF OY611)-9887. 

The fabrication and aystexi developent e f fo r t  
km been ccrmpleted and testis8 in n o w  in its final 
sta@is. 

Enerm h o e l l a n t a  - AF 04(611)-9%2 
ant cambinations of current interest  t o  zdwards Air 
Force Base is MY in process. 
rolves analytical and experiorenta 30rk at 25, 150, 
and 300 psig, considering four injection methods 

zation i n  tuo directioas. 

Main Tank h j e c t i o n  Pressurization of Ei& 

L- investigation of five high energ). proprll- 

This pragram in- 

vith 8e-d metants 8nd c~rmpon ullage pressuri- 
The test propellants -a 

A theoretical  and design effort is uade-7 v i th  
test prognms scheduled for a mid February start. 
A pilse mode pmssure control system vi11 k used 
in the test fixtura. 
this prognrp is t o  detennine the feasibil i-  of 
pressurizing the above pmpellant ccabinationa by 
the c h e m i c a l  pressurization method. ' 

The p,rima.ry objectire of 

conclusions 

Ihe f eas ib i l i t y  o f  applying the LLT.1. pressur- 

Precise pressure control and d e r a t e  
ization process t o  missile propellant tanks has been 
established, 
operating temperatures of the chemical pressuriza- 
tion system promote consideration of thiz process 
for  a variety of applications, including missiles, 
mclcet sleds, f a c i l i t y  propellant supply systems, 
aEd possibly as  a means of petroleum recovery. The 
f eas ib i l i t y  of t h i s  pressurization method for mis- 
sile applications considered propellant degradation 
and vibration in  addition t o  system weight, safety, 
r e l i ab i l i t y ,  simplicity and other operating charac- 
teristics. The exceptional capability and promise 
o f  this type of pressurization process has been es- 
tablished under a variety of operating conditions. 
h addition, the dwelopacnt of a suitable method o f  
predicting chemical presourization thermodynamic 
performance w i l l  extend the range of application 
wentually t o  other system configurations o r  propel- 
lent combinations. A t  present. pressurizaticn of 
cryogenic propellants, high pressure applications, 
and thixotropic propellant pressurizaticln is being 
studied. 
ent froo an investigation of weight reductions 
achieved with t h i s  pressurization method, additional 
study of the reaction kinetics and process influence 
parameters i s  required before th i s  technology can be 
applied t o  future vehicles t h a t  require high levels 
of perfonnance and rel iabi l i ty .  

Although considerable potential is rppar- 
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bSg. 1 Chemical Pressurization Process Schematie 
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Tank Wall 17.77, 

Propellant 27% 

Inert Gas 0.4% 

Propellant Vapor 43 -9% 

Fig. 4 Final Distribution of Energy Released i n  Typical Reaction 
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Fig .  5 Injector Orifice S ize  Effects on Fuel Tank Combustion Process 
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Fig. 8 Research Fixture Inside Lower Dome 
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10 Combustion Product 
Pro rties at 36 p d a  50-E l l P l H  a d  H2Hb 
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FIG. 11 COMBUSTION PHOTOGCAPHS, N 0 INTO 5 0 - 5 0  MIXTURE OF UDMH AND N2H4 
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Initial Fuel Level A 2 1  

Time (sec) 

Fuel Tank Wall Temperature Profile Fig..15 
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Fig .  19 Full-scale System'Reagent Weighing Fixture 99 
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Fig. 22 Full-scale System Actual Pressure History 
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C .  t Fig. 2 )  Nitrogen Tetroxide Injectkri I n t o  Aluminum Thixotrope 



Table 1 Material  Balance Tabulation f o r  Subscale Oxidizer 
Tank a t  36 p s i a  

Component Atomic Volumes I Gaseous 
Combus t i on  
Produc ts H 

0.14 

- 
0.12 

0.09 

- 
0.26 

- 
- 
0.61 

6.94 

- 
- - 

6.94 

7.55 

3.64 

3.92 

0 

- 
- 
- 
- 

0.92 

0.13 

1.30 

2.35 

3.47 

- 
- 

- 
- - 

3.47 

5.82 

N 
.. 

5.30 

- 
0.03 

- 
- 
- 
- 
5.33 

- 
0.38 

- 

-~ 

H2 

N2 

cH4 

-9 
co2 

H2° 

O2 

Tota l  Gas 

0.07 

2.65 

0.03 

0.03 

0.46 

0.13 

0.65 

4.02 
- - 

0.313 
~ ~ ~~ 

I1 Conden- 
s i b l e s  
and un- 
accounted 

"2O 

N 

C 

Tota l  
Liquids 

0,165 

0.014 

0 . 015 - 
0.19rc 

3.47 

0.38 

0.49 - 
0.38 

5.71 
-- 

1.82 

0.98 

0.49 

0.98 

- 

0.98 

~ 

111 Totals,  
Products' 

0.507 

~ ~ 

IV Injected 
Fuel 

0.91 

0.49 

1.40 
- 

N2H4 

N2H2 

( 9 1 2  - 
0.151 7.56 

- 

7.56 

2.80 

2.92 

5.72 

0.98 - - 

0.98 

V Oxidizer 
h a c  ted 
(111-IV 
with 
O/N-2) 

N2°4 0.354 

V I  Totals,  
Reactants 

0.505 

1 04 



Table 2 Nonreaction I n j e c t i o n  Pene t r a t ion  T e s t  Data- 

In j ec t ed  
F lu id  

Water 

Fue 1 

Oxidizer  

l r i f i c e  D i s  
( in.)  

0.006 

0.01.5 

0.0135 

0.0135 

0.040 

0.040 

-- 

Penetrated 
Fluid 

Water 

Oxidizer  

Fuel  

I n j e c t o r  A P  
( P s i )  

75 

75 

75 

150 

75 

150 

Pene t r a t ion  
( in . )  

3.5 

6.0 

6 .O 

8.0 

13.0 

15 (est) 

Tine t o  Max-' 
imum Pene- 
t r a t i o n  (sec) 

N /A 

0.030 

0.030 

0.025 

0.053 

0.048 
(est) 

?ene t ra  L o n  
k t e  Average 
( in .  /sec) 

N /A 

222 

222 

3 20 

244 

3 15 

Table 3 Pene t r a t ion  Rate Comparison f o r  Reacting 
arid Nonreacting Process ,  AP = 75 p s i  

I s  j ec t i o n  
Ve 1 oc i t y 
( in .  /sec) 

945 

945 

9 45 

1340 

94s 

1340 

Densi ty  Rat io  

("j/ '> 
1 

0.628 

1.59 

Theore t i ca l  
I n j e c t  ion  
Veloci ty  
( f t / s e c )  

78.8 

82.8 

66.0 

T h e o r e t i c a l  
Average Pene- 
t r a t i o n  Rate 

( in .  /sec) 

47 2 

438 

442 

Ac tua  1 
Pene t r a t ion  

Rate 
( in .  /sec) 

222 

N/A 

100 
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Table 4 Fuel Tank In j ec t ion  System Evaluatton a t  36 ps i a  
7 

Reagent Misture Weight M W G a s ,  
Consumed Ratio, Gas *P = 0 

V 
(lb) W0/Wf (Ib) 

0.412 0.62 0.579 I 13.4 

0.634 

0.468 

0.412 

2.6 

0.8 

1.0 

Surface Sol id  

0.755 

0.778 

0.900 

Surface Spray 

Subsurface s o l i d  

Subsurface Spray 

22.7 

15.6 

17.5 

*P = Propellant vapor pressure 
V I I I 

Table 5 Gaseous Combustion Product Charac t e r i s t i c s  at 36 ps i a  f o r  
Various In j ec t ion  Methods 

Combustion Products Analysis (Vol X >  
Ullage 

;as Molecular n j ec t ion  Technique 
t W e i s  

kP -0 
V 

13.4 

22.9 

15.6 

16.4 

29.11 

28.45 

- 
N2 

30.0 

- 

60.0 

28.1 

35.8 

58.6 

59.8 

- 
co P =Actual 

V 

Oxidizer 
Tank 

-- 

-- 

-- 

-- 
Surface 

Solid 

Surface 
Spray 

' ue l  Tank 

#urface 
Solid 

lurface 
Spray 

(ubsur- 
face 
Solid 

tubsur- 
face 
Solid 

-- 

-- 

47.4 

11.8 

41.3 

37.5 

1.9 

3.5 

11.1 

18.8 

10.1 

13.a 

1.0 

0.6 

3.2 

5.4 

i .9  

3.4 

- 

1.4 

1.6 

3.1 

1.0 

1.0 

- 

- 

- 

13.4 

22.9 

15.6 

16.4 

38.52 

34.77 

0.4  

3.0 

0.4  

0.2 

.7.9 

.1.4 

14.1 

8.4 

*P Propel lan t  vapor pressure 
V 

I I I I I 
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Table 6 - Subscale System Parametric Data Summary, Pressure Effects 

Mixture 
Ratio 

WolWf 

0.62 

2.34 

0.34 

2.34 

0.34 

I I I 
.. 

Ullage  
Gas Molecular Weight 

Pv=O Pv = actua l  

- 
16.0 16.0 

29.5 36.53 

21.5 21.5 

29.87 35.79 

20.46 20.46 

Tank 

Fuel 

Oxidizer 

Fuel 

Oxidizer 

Fuel 

Ox i d  i z c  r 

I I I 

Pressure Temperature Reagent 
(es ia)  ( O F )  Consumed 

( l b )  

36 163 0.188 

36 154 0.151 

100 3 49 0.421 

100 3 00 0.448 

200 660 0.629 

200 580 

. 
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Table 7 Process Mass Balance Comparison 

Configuration r 
Fuel Tank 
Oxidizer 

I 
Demonstration 
;Program 

Fuel Tank 
Oxidizer 

Tank 

lank IMole Weight 

(lb’lb mole.) I ’ressure 
:Psis) 

I 
36 

36 

15 -77 

29 -51 

Combus- 
tion 
Product 
(1b gas1 

0.412 

0.313 

17.9 

20.8 

Water 
Weight 
(1b) 

0.208 

0.165 

1.9 

3.27 

rota1 
Zonden- 
sate 
(1b) 

0.316 

0.192 

3.6 

16.54 

Reagent 1 Reac t i o :  

0.278 

0.151 
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A CEtYOGENIC HELIUM PRESSURIZATION SYSTEM 
FOR THE LUNAR EXCELSION M O m  

J. C. Smithson and W. R. Scott 
NBSB-Manned Spacecraft Center 

Houston, T e x a s  

I n  order t o  effect  a large weight reduction on the Lunar Excursion 

Module, the Gruaman Aircraft Engineering Corporation has proposed 

the use of a crgogenic helium pressurization system. Since the 

LE24 ut i l izes  a pressure-fed propulsion system, relatively high 

tank pressures (225 psia), with attendant large pressurant masses 

are required. 

because of i ts  high density and low molecular weight (with a sub- 

sequent storage vessel size reduction), can provide the pressurl- 

zation cycle required f o r  the LEM a l e  affecting a large weight 

decrease froxu the currently employed ambient system. 

cr i t ical"  i s  used i n  the terminology of cryogenics, implying that 

the system i s  operating i n  the region of the c r i t i ca l  temperature, 

but well above the c r i t i ca l  pressure. 

The use o f  helium stored in the supercritical state, 

Here, "super- 

at the c r i t i ca l  temperature, the specific volumes of the liquid 

phase and the gas phase are equal. 

f luid will not separate i n t o  two phases of different densities 

during an isothermal compression from large volumes. 

the Uqyid phase w i l l  not separate out. 

trated best with the aid of the P-v-T surface shown i n  Figure 1. 

Above this temFerature, a 

I n  other words, 

This phenomena is illus- 
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Consider that a system i s  i n i t i a l l y  i n  the thermodynamic state 

show by point A. 

out i n  a transparent cylinder, one would observe the beginning of 

condensation into the l iquid phase at  the point where the isotherm 

meets the saturated vapor surface. As the compression process con- 

tinues, the quantity of the l iquid phase increases, while the vapor 

phase decreases. A t  the  themdynamic state represented by point B 

one would be sure t h a t  the f l u i d  i n  the cylinder w a s  wholly i n  the 

l iquid phase. Now, another poss ib i l i ty  exis ts ;  one could start 

with the system i n i t i a l l y  i n  the same s t a t e  as shown previously 

( s t a t e  point A) and carry out the process represented by the path 

from s ta te  point A t o  state point B, which curves around the c r i t i c a l  

point. (Of course, this process i s  not isothermal.) Although the 

end s ta te  of the ssstem i s  the same in both processes, a t  no time 

i n  the second process did the f l u i d  separate in to  two phases. 

ta inly,  the f l u i d  would be described as a l iquid a t  the end of  the 

second process a s  w e l l  as at  the end of the first, for the end points 

( s t a t e  point B) of the processes coincide. 

process, the properties of the f l u i d  changed continuouslv from those 

associated u i th  a vapor, a t  state point A, t o  those associated with 

a l i q u i d ,  at s t a t e  point B. 

the  c r i t i c a l  isotherm and c r i t i c a l  isobar can exhibi t  charac te r i s t ics  

ident ical  t o  those described i n  the second process. 

advantage of a supercr i t ical  storage system. 

stored a t  a very high density (normally associated with a l iquid) 

and ut i l ized without ever encountering a two-phase region. 

Now, if an isothermal compression was carr ied 

Cer- 

However, i n  the sgcond 

A system whose state point l i es  above 

Xsrein l i e s  the 

The f l u i d  may be 
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The c r i t i c a l  point of helium is  a t  press i re  of 33.8 ps i a  (2.26 atms), 

a -pe=tWe of 9.57OR (5.25%), and a density of 7.81 lb / f t  . 3 

Thus, t he  storage of supercr i t ical  helium for use on the Lunar Ex- 

cursion Module presents a uniqae method of weight reduction becmse 

of the high fluid density with the resul t ing decrease i n  storage 

vessel volume. 

I n  pressurization systems there  exist many thermodynamic processes 

which the f lu id  i n  the storage vessel may undergo during expulsion. 

Of  course, the most familiar i s  that of the isentropic expansion. 

This process i s  very closely approximated i n  the very rapid blow- 

down of high pressure bottles. However, this idea l  process cannot 

be employed for a supercr i t ical  helium pressurization system since 

the rapidly decreasing temperature and pressure would leave an ex- 

cessive amount of residual f l u i d  i n  the vessel. 

A second process i s  that of constant pressure expulsion, T h i s  i s  

truly the "ideal" process, i n  that the residuals are a minimm, and 

the i d e a l  process i s  time-independent. However, this type expulsion 

system wuld  require a closely controlled, variable heat input. I n  

a real qystem, it i s  highly questionable i f  the  heater could handle 

the high t rans ien ts  required for maintaining a constant pressure. 

Further, a system requiring this close control has serious impli- 

cations from the standpoint of system re l i ab i l i t y .  

A final system i s  one of almost constant heat input. T h i s  i s  the 

method uhich i s  ut i l ized  i n  the proposed LEM supercr i t ica l  helium 
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pressurization system, and w i l l  be discussed i n  depth shortly. 

The concept of low temperature, high pressure (supercr i t ical)  helium 

is not new. It wes successPdly employed i n  tk  Titan I, v i t h  the 

helium storage vessel immersed i n  the LOX tanks. The S-IV & S-IVB 

stages employ the same method, with the exception tha t  the bo t t l e s  

are immersed i n  the l iquid hydrogen tank. However, there  i s  one 

basic dissimilarity: the stand-by time of the pressurization system 

used i n  these vehicles i s  not important., I n  a sense, one could con- 

s ider  that the helium (once temperature equilibrium i s  attained) i s  

located i n  an inf in i te ,  low-temperature heat sink, i.e., the LH2 

tank a t  -423OF. 

helium must be stored i n  a vacuum-jacketed Dewar. 

The LEN does not possess this advantage, and the  

The LE24 supercr i t ical  helium systea i s  shown schematically i n  Fig- 

ure 2. For the sake of brevity, only t h e  LEM descent stage will be 

discussed. The i n i t i a l  conditions a t  the time of helium with- 

d r a w a l  a re  a p p r o h a t e l y  1500 ps ia  and 38OR, a t  a density of approxi- 

mately 10 lb/f t  . 
and p.assed through the primary helium-to-fuel heat exchanger. 

3 The helium i s  withdrawn from the storage vessel, 

(The 

fuel is a blend of equal pa r t s  by weight of hydrazine cnd UDMH.) 

The temperature of the helium is  raised from the storage vessel tem- 

perature ( in i t i a l ly  a t  approximately -428OF) t o  approximately -100'F. 

The warm helium i s  then retizmed t o  the  storage vessel where an 

internal heat exchanger t ransfers  heat from the eff luent  helium 

stream to the stored f lu id ,  ra is ing i t s  temperature and consequently 
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its pressure. 

from the storage vessel and passes through the secondary helium- 

to-fuel heat exchanger, where the temperature i s  raised t o  approxi- 

mately -50%. 

t o  the propellant tanks. 

The helium, again a t  very low tmpersture, exits 

The helium then flows through the regulator package 

The maxixuunt helium flow rate i s  approximately 0..070 lb/sec, compared 

t o  a fue l  flow rate of a2pmximately 13 lb/sec a t  f u l l  thrust .  

cause of this wide variance in flow rates, no freezing of the fuel 

is encountered. 

Be- 

As was pointed out earlier, the helium vessel is a vacuum-jacketed 

Dewar, The addition of an internal. heat exchanger further compli- 

cates the design, 

posed storage Dewar. 

in diameter; the construction i s  of t i tanium - 6Ai-4V(ELI). 

annular volume contains super insulation, 

are routed circumferentiallg i n  the usual manner, t o  provide long 

heat conduction paths, 

Figure 3 is a cross-sectional view of one pro- 

The inner vessel i s  approximately 24 inches 
- 

The 

The withdrawal l ines 

The internal heat exchanger in this design is a hollow copper sphere, 

d t h  tubes wrapped around it. 

weight snd t o  provide fluid ingress and egress, 

The sphere i s  pierced for minimum 

The copper sphere 

acts essentially as an extended surface for the heat exchanger. 

The loading conditions place important and significant constraints 

on the design of a supercritical storage system. The system weight 
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is a d i r ec t  function of the  loading pressure and temperature. 

the higher the loading density, the  lover the system weight because 

of a smaller storage vessel. 

Thus, 

Figure 4 is the P-v-T surface f o r  helium. 

are the loading conditions f o r  the LEM supercr i t ical  helium pressuri- 

zation system. 

coordinates do not necessarily correspond t o  the following quoted 

values.) 

ence. The vessel i s  loaded with l iquid helium at approximately 3 

psig and 8'R, shown on Figure 4 a s  s t a t e  point 1. Then, chi l led,  

high pressure helium (approximately 400 ps ia  and 10°R) i s  used t o  

bring the  f luid t o  a supercr i t ical  s ta te .  

through a liquid helium boi ler ,  lowering i t s  temperature, hence 

lowering its specific volume ( from v1 t o  v2). When the tempera- 

ture  and pressure s tabi l ize ,  the system i s  i n  a state represented 

by state point 2. 

hour standby tine. 

heat leak o f  approximately 6.5 Btu/hr. 

density along the path from state point 2 t o  s t a t e  point 3, brings 

Plotted on this figure 

(The f igure i s  a qua l i ta t ive  representation and the 

The c r i t i c a l  density (specific volume) is shown f o r  refer- 

The fluid i s  circulated 

The current LEN system i s  designed f o r  a 142 

Durhg this t i m e ,  the  f l u i d  i s  subject t o  a 

T h i s  heating, a t  constant 

the system t o  i t s  operating conditions, represented by state point 

e, viz. ,  1500 psia  and approximately 38OR, (but s t i l l  a t  vz>. 

Another condition which a f f e c t s  the system weight i s  the allowable 

heat leak. If the  heat leak requirement i s  reduced from i t s  pre- 

sent value of 6.5 Btu/hr to  a value of 5.0 B tuhr ,  the insulat ion 
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thickness f o r  the D e w a r  increases approximately tu0 inches. Since 

the  weight is a function of the diameter cubed (g), the  attendant 

w i g h t  increase is substantial. 

Although one may be enthusiastic about the possible weight reduction 

offered by this method of storage, the  magnitude of some of the  

potent ia l  problems associated with the development of a system of 

this nature should not be underestimated. 

Che of the most outstanding and pressing problems is  the lack of 

basic thermodynamic properties of helium i n  the low temperature, 

high pressure repime. 

stage, which has been proposed as a 3000 ps ia  system.) 

(This is  especially true f o r  the LEN ascent 

The s ize  or 

weight of a Dewar i s  a function of the required pressure, teinperature, 

and useable f l u i d  mass. I n  v i e w  of the lack of P-v-T data i n  the 

regions of interest, the amount (mass) of f l u i d  stored at  a given 

pressure and temperature i n  a given volume cannot be accurately 

.determined. Further, the weight of residual f l u i d  cannot be easi ly  

established. 

tremely diff icul t  t o  make. 

determine the required P-v-T data has been accomplished by the LEX 

Consequently, an accurate weight prediction i s  ex- 

Some preliminary experimental work t o  

contractor. 

The passive temperature control of a low-temperature f lu id  system 

continues to be a c r i t i c a l  area. 

system, t o  prevent over pressurization. 

the proposed design w i l l  permit a maximum heat leak of 6.5 Btu/hr. 

T h i s  must be a very low heat leak 

As was pointed out earlier, 
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Other programs utilizing supercr i t ica l  storage systems are having 

d i f f icu l ty  meeting t h e i r  stand-by time requirement, which i s  governed 

by a heat leak requirement much higher than the one required for the 

LFM. 

Another area of concern i s  the design of both in t e rna l  and external 

heat exchangers. 

heat rejection r a t e  of the in t e rna l  exchanger i s  too high, over 

The in te rna l  exchanger i s  a c r i t i c a l  i t e m .  If the 

pressurization, with subsequent systen venting, occurs early i n  the 

mission duty cycle. 

high pressure and temperature i s  not available near the completion 

of the duty cy.cle, resul t ing i n  an excess of non-useable helium 

If  the heat exchanger is too mall, suff ic ient ly  

remaining i n  the storage vessel near the end o f  the duty cycle. Con- 

sequently, close design tolerances must be maintained on the in t e rna l  

heat exchanger. As was seen previously, one proposed design was the 

use of a spherical heat exchange surface. 

i s  merely a pipe c o i l  inside the pressure vessel. 

Another proposed exchanger 

The external heat exchanger appears t o  present major development 

problems. 

tures (from approximately -43OoF t o  OOF) a t  re la t ive ly  high pres- 

The exchangers must operate over a wide range of tempera- 

sures. 

weight reduction potent ia l  afforded by this storage concept w i l l  be 

They must also be light-weight exchangers o r  much of the 

los t .  There is, however, cne more serious constraint. Recalling 

Figure 2, it i s  noted that the two  external heat exchangers operate 

in series on the f u e l  side of the exchangers. Since the LEN employs 
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a pressure-fed engins, the propulsion system i s  quite sensitive t o  

adverse pressure changes. 

tolerate only a 10 psi AP increase, 

safety, the external heat exchangers must be designed for a maxi- 

rrmm -1 side 4P of 2.5 psi each, or 5 ps i  AP for the tu0 exchangers 

i n  series. 

t h i s  low AP requirement may well be a major problem area. 

The present LEM propulsion system can 

Thus, t o  allow a rndgin of 

For the propellant flow rates  encountered on the LEH, 

One final area of concern i n  the development and uti l ization of this 

system i s  i n  the f i e ld  of gromd support equipment (GSE). 

i ts  low heat capacity and loutemperatures, liquid helium cannot be 

pumped over long distances without interstage refrigeration. Port- 

able Dewars and a specially designed f i l l  system w i l l  be employed 

for charging the storage vessel. 

straint, the system aust be loaded just  prior t o  launch; this dictates 

that the GSE must be at  the LEM level, on the mobile arming tower. 

This introduces considerations of both weight and space on the arm- 

ing tower. 

Due t o  

Due t o  the stand-by time con- 

In conclusion, it should be pointed out that the system is feasible, 

but that it is  not without some problems. 

lack of P-v-T data i s  a serious shortcoming. 

ment of a very low heat leak w i l l  be diff icul t ,  

internal heat exchanger i s  cfit ical .  

As was noted earlier, 

The consistent achieve- 

The sizing of the 

The pressure drop on the fuel 

- side of  the external. exchangers present development problems. The 

GSE requirements f o r  this system may be pacing items f o r  a f l igh t  



system tha t  must meet a s t r i c t  launch schedule. 

The seemingly endless number of problems of this system are countereb 

by two grea t  advantages: 

2) a smaller bo t t l e  package. 

reduction of 500 t o  1000 pounds (effect ive o r  separation weight), 

depending on whether the systes i s  used on just the descent stage 

or on both ascent and descent stages. 

primarily i n  reduced bo t t l e  weight, since this const i tutes  over 80% 

of the  pressurization system weight for 'an ambient, high pressure 

storage system, 

smaller (because of the high density), means t h a t  a sna l le r  bo t t le  

package results. 

the 3500 p s i a  ambient system, consisting o f  two storage vessels 

approximately 33 inches i n  diameter, i s  replaced by a supercr i t ica l  

helium pressurization system, consisting of one storage vessel, 

only 30 inches i n  diameter (O.D. of the vacuum jacket). 

1) large potent ia l  weight reduction, and 

T h i s  system offers  a poten t ia l  weight 

The weight saving i s  realized 

The f a c t  t ha t  the volume of the bo t t l e  i s  much 

I n  fac t ,  on the proposed LEN descent stage system, 

Thus the use o f  a cryogenic helium pressurization system for the  

Lunar Excursion Module appears t o  be an a t t r ac t ive  method by which 

t o  reduce the overal l  LEM weight, which i n  turn increeses the  

potent ia l  payload capabili ty of the Lunar Excursion Mociule. 
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BULK LIQUID INTERF'ACIAL MASS TRANSFER WrPH 
VARIABLE ULLAGE PRESSURE 

John R. O ~ L o u g h I h  * 
Howell Glenn +a+ 

Abstract 

A nmerical program has been prepared which calculates the inter- 

facial mass transfer fo r  the cases of gradual i n i t i a l  pressurization and 

variable pressure after in i t ia l  pressurization of a liquid-vapor system. 

The output of this program agrees w e l l  with the analytical resul ts  for 

the case of sudden pressurization followed by constant pressure. It is 

shown that the output of the program for sudden pressurization followed 

by variable pressure can be bracketed by the analytical resul ts  for sudden 

pressurization followed by constant pressure. 

possible in the numerical program but not in the analytical work, changes 

the -3 transfer results only sl ight ly  from those found with constant 

The use of variable properties, - 

properties 

* Consultant, LaMch Systems Branch, The Boeing Company, also Associate 

Professor of Mechanical Engineering, Tu lane  University, New Orleans, Louisiana 

Associate Engineer, Launch Systems Branch, The Boeing Company, Huntsville, 

Alabama. 
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Introduction 

A considerable amount of work (1-4) has been done on the Foblea  of 

interfacial phase change for a suddenly pressurized liquid-vapor system. 

These studies have eXamined the  phase change for  a system which is suddenly 

pressurized and then held at that pressure. 

gradual or the pressure vary in an arbitrary manner aFter the sudden 

pressurization, the problem bec011hes considerably mre complex. 

paper describes a numerical method designed to  handle such problems. 

Should the pressurization be 

The present 

Analysis 

Althoughthe numedcaJ. method used here will accommdate any stable 

init ial  temperature profile, the present discussion w i l l  cover the case of an 

i n i t i a l l y  saturated liquid and vapor as shown in Figure la. 

describing the program, examine the suddenly pressurized case. Tbe thermal 

profile for this situation is shown in Figures lb and l c  wbile the pressure- 

t i m e  history is shorn in Figure lf. Note however that the numerical program 

will handle sadual pressurization as well as sudden. 

For purposes of 

The method used t o  handle the variable ullage pressure is t o  a p p r a r i t e  

the &yen pressure-time history by segments of canstant pressure connected 

by instantaneous pressure changes as shown after the sudden pressurization 

in plgure 1p. 

The constant pressure segments of the pressuretime histor~l are handled 

with a variable property version of the energy equations used in reference (1). 

These equations are based on a moving coordinate system munted on the liquid- 

vapor interface. 
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where -L R -  Z R T ,  

The vapor and liquid are assumed t o  be at a uniform pressure throughout, 

This is accurate for the vapor where the density is low, In the liquid, 

however, consideration of the s t a t i c  pressure head causes the saturation 

temperature t o  vary with depth. 

f lashedto vapor during an instantaneous pressure decrease but it is not currently 

included in the program, 

This factor influences the amount of l iquid 

During the constant pressure segnents of the pressure-time history, 

the rate of condensation or evaporation is given by the following interfacial  

energy balance where E 4 0 means condensation and E P O  indicates 

evaporation. 
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The instantaneous pressure changes are handled in an entirely different 

manner than the constant pres-e segments of the pressuretine history, The 

problem is basical ly  the Same, homm, in that the temperature profile must 

be continuously updated and a record of the interfaciaJ. mass transfer must be 

kept- 

The following factors must be considered as a result of an instantaneous 

pressure change: 

facial phase changa caused by the imposed requirement that equilibrium be 

maintained i n  %"id and vapor a t  all times and, (3) displacement of the 

(1) expansion or canpression of the ullage vapor, (2)  inter- 

interface and of the vapor itself caused by phase change, 

T d d n g  the processes in (1) above as isentropic, the new temperature,T', 

caused by a small change in pressure from P t o  I" is 

For ap ideal gas (z = l), this reduces t o  the more familiar form 

In using *tion ( 5 ) ,  the pressure difference between P and P' is 

small, Therefore the temperature change is small and B and c, can be 

taken as constants. 

Consider a pressurization schedule such as shown in Figure If. The 

sequence of temperature profiles is as shorn in Figures la, b and C. This is 

the sam~ as discussed in reference (1). A sudden drop i n  pressure then OCCUFS 
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at t- t, . This i s  requbed t o  follow the given pressure-time history, 

AS 8 result of this drop i n  pressuTe, the in te r fac ia l  temperature is reduced 

1~ it always equals the saturation temperature correspondhg t o  the current 

Uuage pressure. 

numerical program, both vapor and liquid are divided into s labs  by huginary 

p-ea parallel  t o  the interface and the new temperature of each vapor slab 

is naw calculated from equation ( 5 ) .  The temperature profile at this t i m e  is 

as show by the solid line Of Figure Id. It is apparent that non-equilibrim 

conditions d s t  in the vapor between the interface and 

The vapor also wands with this pressure drop, In the 

x: and in the  l iquid 

betmen t h e  interface and X, . 
non-equillbrium conditions are  forbidden, they are removed by an energy 

balance written for the non-equilibrium fluid. For example, the l iquid 

between t h e  interface and X, 

t h a t  of saturated liquid at temperature ( Tz - A T  ). 

superheated. The excess energy is used t o  f lash a certain portion of the 

superheated liquid and thetemperature of the remaining liquid between the 

Based on the imposed requirement that such 

contains an amount of energy over and above 

This liquid is therefore 

interface and 

been utilized, 

calculated from 

x, is reduced t o  ( < - A T  ) since its eXcess energy has 

The amount of superheated l iquid flashed Fn tNs process is 

&ere E,O indicates evaporation. 



Tim same nonq&Mm situaticm e d s t s  in the vapor following this 

press- decrease. This non-equilibrium condition consists o f t h a  presence 

of supersaturated vapor and it is eliminated by a energy balance similar to 

given above, That is, the  energy deficiency of the supersaturated 

vapor is CaLcuhted, 

of this vapor, The temperature of the Femaining supersaturated vapor is 

then increased t o  (&-AT) as the  energy requimd t o  accoprplish this has been 

Such mergy is then supplied by condensing a &action 

supplied by the condensation. The ammt of supersaturated vapor condensed is 

where E<O -lies condensation. 

The progran Ku1 M e  increasing pressures as well as decreasing. 

Figure le indicates that eqyilibrium is maintained for the increasing case 

thereby simp- the calculations. 

The tatal mass condensed or evaporated between t = 0 and any later time 

t must be calculated by addhg together the phase changes which take place 

during the  instantaneous pressure changes as w e l l  as those which occur during 

the constant pressure processes. 

The pmgram will acconnmdate variable ullage temperature as will as 

variable d h g e  pressure. 

that the thennal layer i n  t h e  vapor adjacent t o  the liquid-vapor interface is 

The technique for accomplishing this is to assum3 



nut influenced by changes in ths temperature of the bulk vapor, 

in the bulk vapor temperature is assumed t o  change the temperature of only 

the top two slabs of the t h e 4  vapor la~er. '  This technique is open to 

critfcisn but treatment of the situation from a more rigomus standpoint 

impedfately introduces cacsiderable complesdty, 

Thus a change 

There are Udts M the allowable changes in i h g e  pressure and temperature. 

Po change is allowed which would cause the entire bulk of liquid or vapor t o  

be in a non-equilibrium state. That is, no change is allowed which muld 

cause the temperature at the interface ( TL) t o  become less than the bulk 

liqyid temperature ( I; ) or greater than the bulk vapor temperature ( T3 ). 

This uwld exclude, for example, a pressure drop from the i n i t i a l  saturated 

state as given in Figure la. 

Nullsrical Method 

The computer program is written for the IEl4 7094 in the Fortran IV 

programmiag language, 

approxbate t h e  partial differential equations (1) and (2). 

The f o l l o a  f ini te  difference equation is  used t o  
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Equation (9)  is used during periods of constant pressure t o  calculate the new 

temperature at each X 

the interface. 

each x location is calculated fhs equation ( 5 )  and then adjusted to account 

for vapor motion caused by hterfacial  phase change and vapor compression or 

aq?ansian. 

location in liquid and vapor with the exception of 

For an instantaneous pressure change, the neu temperature at 

Equation (6 )  is ap-ted by the following summation, 

A sidhr form is used t o  apprb-te equation (7). 

The numericdl method takes i n t o  account the variation of fluid properties 

uith temperature. 

are evaluated at the temperature of each slab. 

Therefore in t h e  f inite difference equations, the properties 

Some instability difficulties were encountered with equation (9) .  

It is apparent t h a t  large discontinuities in the temperature profiles caused 

by instantaneous pressure changes required smal l  time steps until the profile 

became smooth again, 

pssure change and then allowed t o  increase later after the profile had been 

Consequently, the time step was reduced after each 

A f l o w  diagram for the numerical program is shown i n  Figure 2. 
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Results and Discussion 

The results of several runs with the numerical program are shown in 

Figure 3. 

Reference 1. For a l l  

cwes, the liquid and vapor oqgen are initially saturated at 16.7 psia. 

At time = 0, the ullage temperature is suddenly changed to 200'R for a l l  

curves. 

This figure also shc-xs results obtained by the exact technique of 

The oxygen system was used for these calculations. 

The other pressurization conditions are as follows. 

Curve 1: 

-Curve 2: 

Curve 3: 

Curve 4: 

Cumre 5 :  

Curve 6:  

Sudden pressurization to 30 psia at t = O  and hold at this pressure 

for  160 seconds. Solution by the exact method of Reference 1 which 

requires constant properties evaluated at an average temperature. 

Sudden pressurlzation to 30 psia at t = 0 and hold at this pressure 

for 160 seconds. 

variable properties. 

Sudden pressurization to 30 psia at t = O  and hold at this pressure 

fo r  160 seconds. 

constant properties evaluated at an average teaperatwe. 

Sudden pressuriza&on to 30 psia at t = 0 and hold at this pressure 

for 89 seconds then drop linearly to 20 psia at 160 seconds. 

by the present numerical program with variable properties. 

Sudden pressurization to 30 psia at t = 0 and hold at this pressure 

for 5 seconds then drop linearly to 20 psia at 160 seconds. 

by the present numerical program with variable properties. 

Sudden pressurization to 20 psia at t = O  and hold at this pressure 

for 160 seconds. Solution by the exact method of Reference 1 which 

requires constant properties evaluated at an average temperature. 

Solution by the present numerical program with 

Solution by the present numerical program with 

Solution 

Solution 
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Several useful results are apparent from an examination of Figure 3. 

The fact that curves 2 and 3 fall on top of each other indicates that 

the consideration of variable properties has little effect for these conditions. 

The actual results from which curves 2 and 3 were plotted indicate that the 

use of variable properties yielded slightly lower results than the use of 

constant properties. 

3. 

a a h e r  ullage temperature be used, it is expected that the difference in 

The difference, however, is +AO small to show on Figure 

Notice that a l l  cases examined have an ullage temperature of 200'R. Should 

the results using variable and constant properties would be more significant. 

Ideally, curves 1 and 3 should fall on top of each other. The dis- 

crepancy is due to inaccuracy h the numerical program. 

follows curve 1 very well after the first 5 seconds. Apparently the in- 

accuracy is introduced in the numerical program between t = 0 and t = 5 

seconds. A possible explanation of this is as follows. 

method of Reference 1Jrields infinite temperature gradients and consequently 

Note that curve 3 

The exact analytical 

an infinite mass transfer rate at t = 0 .  The numerical program yields large 

temperature gradients and a large, but finite, mass transfer rate at t = 0. 

Consequentlythe mass transfer from the numerical program starts off low and 

although it follows the exact solution very well thereafter, it always r a i n s  

slightly low due to the situation at t = 0. It is apparent that the rates of 

mass transfer, as given by the slopes of the curves, are practically identical. 

for curves 1 and 3 for time greater than about 5 seconds. 

Curve 4 follows curves 2 and 3 until 80 seconds as it should since con- 

ditions are the same until that time, After t = 80 seconds, the ullage 

pressure drops linearly with time. 

drop with a series of steps as shown hFigure If. 

The numerical program follows this linear 

Betweent=80 and IlO 

seconds, the evaporation caused by instantaneous pressure drops is less than 

the condensation during periods of constant pressure. 

condensation but at a lesser rate during this period, 

The result is continuing 

The peaking of curve 4 
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and its subsequent gradual drop indicates that after Il.0 seconds the mass 

evaporated during the instantaneous pressure drops exceeds that condensed 

during the constant pressure segments of the pressure-time history. 

result is a net evaporation between ll0 and 160 seconds. 

less, however, than the mass condensed between t = 0 a;nd t = ll0 seconds so 

that the net mass transfer between t = 0 and t = 160 seconds is 2.15 x 

lbm/ft2 condensation as shown in Figure 3. 

The 

This evaporation is 

Curve 5 drops away from curves 2 and 3 after about 10 seconds. Its 

maximum occurs near the maximum for curve 4. 

It is reasonable that curves 4 and 5 be bracketed between curves 1 and 

6 because the pressure-time histories of the latter bracket the pressure- 

time histories of the former. 

Conclusions 

The numerical program satisfactorily checks the analytical results for 

the case of sudden' pressurization followed by holding at that pressure. Pos- 

sibly smaller time steps near t = O  would yield even a closer check. 

Use of the numerical program with constant and variable properties indicates 

that this difference causes on ly  a s m a l l  change in mass transfer. 

temperature than used here could increase this difference. 

Higher ullage 

The results indicate that for the variable pressure conditions studied, 

the mass transfer i s  bracketed by the analytical results cf Reference 1 if 

pressures are used with that analytical method which bracket the pressure-the 

histoq for the variable pressure case. 



Nmenclat- 

C 

E 

specific heat at constant pressure 

mass transfer per uni t  of interfacial area caused by an instantaneous 

chaage in ullage pressure ( E < o  for  condensation; E'o for 

evaporation) 

heat of vaporization 

k thermal conductivity 

m 

hfg 

total  mass transfer per un i t  of interfacial area between time 

zero and  an^ later t i m e  t ( m 4 o for condensation; m >O far 

evaporation) 

P P=- 

R gas canstant ' 

T temperature 

t tim 

X 

2 compressibility factor 

r ratio of specific heats 

€ 

coordinate prpendiculacto the liquid-vapor interface 

rate of mass transfer per u n i t  of interfacial area during periods 

of constant ullage pressure ( E <  o fo r  condensation; E o for 

evaporation) 

density P 
subscripts 

L liquid 

0 

sp 

V vapor 

c d t i o n  wfiere temperature equal3 saturation temperature 

saturation condition corresponding t o  current ulJage pressure 
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X 

0 ,  

X 

0 

- 

X 

0 

TL t = O  
p l =  initial pressure 

VAFOR 

,T 

I 

.1 
Figure la 

t = tl 
P = P2 

T3 

T1 
F'igure IC 

I t .= tl + 
P = p 2 + d p  I 

/ /  

' '1 

X 

X' 

% 
OO 

P1 

Figure 16 

t = t 1 +  
P = P2'AP / /h 

T 

T1 
Figure Id 

0 tl time 

Figure If 

Figure l e  
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Read In: 1) Data fo r  Fluid under 
consideration, 2 )  3nital  conditions 
for vapor and liquid temperature, 
time step, slab width, 3) Time VS. 
temperature of vapor, 4) Time vs. 

l u g e  pressure 

~~ ~ 

Change ullage pressure and temperature 
t o  give profile of  figure {lb) 

Test for end of f l igh t  time 
IL No 

iransferred e v e v  

w 
Calculate mass transferred across 
interface during given time step + 
Calculate new values for each mesh 
point i n  liquid and vapor using 
equation (. 9 )  

1 
Change temperature 1 
of two topmost vapor4 
slabs Yes temperature 

Test for change in Vapor 

I IN0 p- none . - ~ j  Test for change in ullag 

I * increase 1 de&ease 

conditions shown in 
figure (le) 

conditions shown 

Figure2 FlowDiagram 
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'change vapor prof i le  
according t o  equation (5) 

- 
Mass of unstable l iqu id  - mass of 
unstable vapor = t o t a l  mass 
transferred in pressure decrease 

c 

b 

Figure 2 Flow Diagram (contiwed) 
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DIMENSIONLESS MASS TRANSFER ALIGNWXT CHART 

FOR SUDDENLP PRESSURIZED LIIZUID-VAPOR SYSTEMS 

John R. O'Loughlin u 

Launch Systems Branch, 
The Boeing Company, 

New Orleans, La. 

Abstract - 

An exact, closed form so lu t ion  is ava i lab le  f o r  the problem of  

interfacial mass t r a n s f e r  after the  sudden p res su r i za t ion  of a sa tu ra t ed  

liquid-vapor system. Use of t h i s  solut ion,  however, requi res  numerical 

work t o  f i nd  the  r o o t  of  a t ranscendental  equation. I n  the present  paper, 

this so lu t ion  has been wr i t t en  i n  terms of dimensionless groups and d is -  

played i n  the fonn of an alignment c h a r t  thereby el iminat ing the  numerical 

uork. 
. 

This chart is val id  f o r  a wide range of fluids and p res su r i za t ion  

conditions. 

Introduction 

A considerable amount of study has been devoted to  the problem of  

mass transfer at  the  i n t e r f a c e  of a liquid-vapor system undergoing 

pressurization. Knowledge of such mass transfer is important in m w  
appl icat ions pa r t i cu la r ly  the pressur iza t ion  of a cryogenic tank. 

For a single component system, the work of Thomas and Morse (1) 

provides an exact solu+,ion t o  t h e  following pmblem. 

u Consultant, Propulsionfiechanical Research; also Associate Professor 
of Mechanical Engineering, Tulane University. 
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1) Both l i qu id  and vapor are i n i t i d y  saturated a t  a temperature T1, 

2) Flow perpendicular b the in te r face  is considered i n  the vapor 

but not  i n  the l iquid,  

Both l i qu id  and vapor are considered to  be in f in i t e  i n  ex ten t  

perpendicular t o  the interface, 

A t  time sem, the ul lage temperature is increased t o  T3 and the 

ullage pressure to P2. 

interfacial temperature changes to T2 which is the  sa tura t ion  

temperature corresponding to P2. 

3) 

&) 

Because of t h i s  pressure change, the 

The solut ion t o  the above problem, from the  standpoint of i n t e r f a c i a l  

mass transfer, requires finding the real root  of the following equation as 

presented by Thomas and Horse. 

Since this is a transcendental equation, the r ea l  roo t  m u s t  be fowd 

numerically, 

The disadvantage of this procedure is that the program must be run f o r  each 

set of  operating conditions and for  each neu f l u i d  studied. 

difficulty, Thomas and Morse also presented an approximate solut ion to  this  

problem an integral. method. However, the  accuracy of t h i s  approximate 

This can be done easily with the  aid of  an electronic  computer. 

To avoid this 

method decreases as the  rate of mass t r ans fe r  increases,  

for zem mass transfer. 

It is exact only 
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Technique 

Both the necessi ty  of using a computer prozram t o  f ind  the real  

root of equation (I) fcr czch new problem and the inaccuracy of the 

approximate intezral .  method f o r  large mass transfer rates can 5e z-mided 

by use of an alignment chart .  

form by dividing through by its r i g h t  hand s ide.  

&quation (1) is first  wr i t t en  i n  d i r zns i sn le s s  

where 

From equation (2), it is apparent t h a t  the three  dimensionless groups 

5, C2 and C 

m a s s  transferred u n t i l  any time t are easily found once the  value of a IS known. 

determine the value of 2. The rate of mass transfer and t he  
3 
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"=-"E t 

Since a set  of  values for  Cl, C p  and C determines 2, an alignment 3 
chart from which z could  be read quickly for  given C1, C2 and C3 would be 

of value. 

(2) for equations of the Somu 

A technique for preparing such a chart is available in reference 

Equation (2) i s  of  this form where 

uk , )  = c ,  

V(C,)= c, 

( 9 )  
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Preparation of the c h a r t  requi res  prior ca lcu la t ion  of the following 

quant i t ies  which provide the  char t  coordinates.  

1 Y '  F;(+ + F A 4  

For the present  case, these coordinates take the form 

Equations (15) ahd (16) provide a set of (x,y) coordinates for given 

values of C3 ard z thereby loca t ing  a single po in t  on the  chart ,  

forward computer program was wr i t t en  to perform the ca lcu la t ions  indicated 

by equations (15) and (16). 

from which the alignment chart, Figure 2, was prepared, 

used for construct ion purposes and are shown on Figure 1. 

A s t r a igh t -  

Output of this program prob-;lded coordinates (x,Y) 

The x and y axes are 

The y axis converts 
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to the 5 and C2 axes of the completed char t  shown as Figure 2. 

only used for construction and therefore is not shown on Figure 2. 

The x axis is 

In examination of the nagnitudes of C1, C2 and C for cryogens and 3 
various other f lu ids  indicates tha t  the follouing ranges should cover 

most problems of in t e re s t ,  

Such a wide range for the variables C1 and C2 would normally require 

a l a rge  compression of those scales thereby causing a compression of t h e  

chart and loss of acc&acy. 

horizontal scales at right angles t o  the C1 and C2 scales. 

scales are t o  be used for l a rge  values of C1 and C2., 

T h i s  problem has been avoided by placing 

These horizontal 

Use of the Chart 

To calculate the mass transfer f o r  a system as described in the 

Introduction, tb following steps are required. 

1) Calculate C1, C2 and C f o r  the par t icu lar  problem. It is  suggested 3 
that the properties invblved i n  these parameters be evaluated a t  an 

average temperature. 

l i qu id  properties a t  (TI + T3)/2. It is reasonable t o  evaluate the 

heat of vaporization, h, a t  temperature T2. 

That is, vapor properties a t  (T1 + T3)/2 and 
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2) If C1 and C2 are s m a l l  enough t0 fall on the  vertical C1 and C2 

scales of Figure 2, these two poin ts  are connected by a s t r a i g h t  

l ine .  

f r o m  s t e p  (l), read z f r o m  the  l i n e s  of cans tan t  2. 

is f requent ly  n e c e s s w  on a l l  scales. 

calculated d i r e c t l y  from equations (6) and (7) for any tine. 

3) Should C1 o r  C2 o r  both be large so as no t  to f a l l  on t h e  v e r t i c a l  

scales of Figure 2, the  c h a r t  can s t i l l  he used t o  f i n d  2. 

of Figure 1 ind ica t e s  how this can be done through use of the horizontal  

scales drawn perpendicular to  the  C1 and C2 wes. 

triangles and Figure 1, 

3 A t  the Fo ic t  where t h i s  l i n e  i n t e r s e c t s  t he  value of C 

In t e rpo la t ion  

Once 2 is found, and n; are 

5xamiriation 

Using s i m i l a r  

-C, t . 0 6  = -C, - . o ~  
S r 

Solving these two equati;ns f o r  r and s y i e l d s  

r =  C ,  + . o b  
c,  - ct  

(17 
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Now when C1 or C 

values can be used in equations (19) and (20) t o  calculate r and s. These 

two points are then connected by a s t r a igh t  line on Figure 2. 

where this line intersects the value of C3 of in te res t ,  a is read, 

or both are beyond the  vertical scales of Figure 2, those 2 

A t  the po in t  

The conditions for zero mass transfer are found i n  reference (1) by 

The result is se t t i ng  a = 0 in equation (1). 

In terms of the pa-meters defined by equations (3) and (L), this 

can be wri t ten  

equation 

c ,= -c& 

Thus, for the condition of zero mass transfer, there i s  a r e l a t ion  between 

5 "d C2 which does not involve C 

figure illustrates that for a l l  C 3  the lines of constant C3 i n t e r s e c t  a t  a 

single point for z - 0. 

straight line passed through this point on Figure 2 i n t e r sec t s  a value of 

Cl and C2 (or r and s which can be converted t o  C1 and C2 by use of equations 

(17) and (18)) which satisfies equathn  (22). 

This is evident f r o m  Figure 2 also, That 3. 

This point is x = 0.5, y = 0 i n  Figure 1. Any 

-le Problem 

Assume that one has calculated the parameters C1, C2 and C 

problem and that these values are -0.10, 0.01s and 75 respectively. 

values might be encountered uith the oxygen system, 

for a specific 3 
Such 

The value of C2 is on 



the v e r t i c a l  scale of Figure 2. However, the  

-0.05 and therefore  equation (19) must be used. 

a t r a i g h t  l i n e  is now drawn through C2 = O.O& and r - 0.286, 
in te rpola te  a C3 = 75 l ine .  

l i n e  intersect at a point. 

the  constant z l i n e s  on the large original of Figure 2 i nd ica t e s  that t h i s  

p o i n t  l i es  a t  z - -0.00727. 
and (7) t o  field the  mass t ransfer .  

of C 1  is less than 

It y i e l d s  r = 0.286. 

One must 

A 

This C3 l i n e  and t h e  previousiy drawn s t r a i g h t  

In te rpola t ion  with a graduated s c a l e  between 

This result  could now be used i n  equations (6) 

The fact  t h a t  z is negative is ind ica t ive  

of evaporation. A Z ,  0 -means condensation. 

As a Check, s u b s t i t u t e  the above values of C1, C2, C3 and z i n t o  the l e f t  

The r e s u l t  to s l i d e  rule accuracy is 6.55 - 5.55 - hand s ide  of equation (2).  

1.00 which checks the r i g h t  hand s i d e  of  t h a t  equation, 

t h e  z read f r o m  t he  c h a r t  is t r u l y  the m o t  of equation (2) f o r  the given 

This i nd ica t e s  t h a t  

3. 
C1, C2 and C 

Large Copies of Figure 2 Available 

Large copies of the o r i g i n a l  of Figure 2 are available from t h e  author. 

Nomenclature 

3 Clj C2 and C 

P 
C 

h 

k 

m 

m 

p2 

defined by equations 3, & and 5 

specific heat  a t  cons tan t  pressure 

heat of  vaporizat ion 

thermal conduct ivi ty  

rate of i n t e r f a c i a l  m a s s  t r a n s f e r  per u n i t  
area (mass/time-area) 

interfacial mass transfer pe r  u n i t  area between 
t * 0 and any later time t (mass/area> 

ullage pressure  after pressur iza t ion  
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rD ' 
t 

*1 

T2 

T3 
*, Y 

z 

o( 

P 

erfcz- 1 - erf z 

Subscripts 

L 

V 
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ABSTRACT 

&is paper, the thermal analysis and design of liquid hydrogen tank  n t l l c i  l lnc 
fittings i s  discussed. The importance of including the radiation mode 01 hrnt 
transfer in the thermal analysis of fittings is emphasized. Some cupcrri::t.n!.!I 
data are included for ctiz'parison. The various paramet2rs covered in t h e  zn2ly- 
sis are external boundary temperature, fitting penetration tube materials, over- 
all fitting length, fitting configuration, and surface reflectance characteristics. 
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NOMENCLATURE 

A = a r e a  

K = apparent thermal conductivity 

C.F. = compression factor, a constant that depends on the degree of compres- 
sion of the multilayer insulation 

F = radiation shape factor between nodes m and n 

= gray body diffuse radiation factor between nodes m and n 

Inn 

r;llI1 
0 = Stefan-Boltzmann constant 

D = a determinant 

c = emittance 

P = reflectance 

T = absolute temperature 

Q = heat flow rate 

q 

- 
= heat flow rate per unit area 
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INTRODUCTION 

Fluid lines that penetrate the insulation of a liquid hydrogen propellant tank are 
media for undesired heat transfer to the propellant. The localized thermal en- 
ergy introduced through line fittings of tanks can significantly influence propel- - 
lant stratification patterns and tank pressurization requirements of high-perform - 
ance space-storage systems. The published literature on the subject of cryogenic 
propellant storage has contained little information on the thermal design of tank 
fittings. In general, as was done in Reference 1, parametric studies of liquid 
hydrogen storage for space missions have considered heat flow through the tank 
fittings to be some assumed fixed percentage of the heat flow through the tank 
insulation. 

Most reported detailed design studies of storage tanks have concentrated on mini- 
mizing the thermal conductance of fittings by reducing the solid conduction mode 
of heat transfer. However, heat transfer through some fitting configurations will 
not necessarily be minimized by this method. 

It is the purpose of this paper to present results that show that infrared radiation 
within an evacuated fitting cavity can contribute a major portion of the total heat 
transfer through the fitting. As a result, surface reflective properties within the 
fitting and cavity geometry become important parameters in the thermal design of 
cryogenic tank fittings. 

- FITTING CONFIGURATIONS AND STRUCTURAL DESIGN 

The tank fitting configurations considered in the thermal trade studies for this 
paper are presented in Figures 1 and 2. These fittings are configurated for an 
RL-10 engine liquid hydrogen feed line and are designed for use with submerged, 
but externally removable, valves. Insulation consisting of alternate layers of 
glass fiber paper and aluminum foil is wrapped concentrically around the neck of 
each fitting. The penetration line materials assumed for purposes of making 
thermal trade studies are glass-reinforced epoxy with teflon liner, 6.41-4V tita- 
nium, and 304 stainless steel. These materials are chosen for their low conduct- 
ance and high strength properties at cryogenic temperatures. 

Two concentric tube penetrations for Configuration 1 are required so that a tool 
can be inserted to remove the valve from the tank without disturbing the vacuum 
conditions in the tank and neck insulations. In Configuration 2, the single fluid 
tube of 6.0-inch diameter is large enough for the tooling operation necessary to 
install o r  remove the valve. Presented in Table I are the tube wall thicknesses 
for each of the fittings'based on stren,@h requirements. The wall thicknesses 
for the outer 6.0-inch-diameter tube of Configuration 1 are designed by mininium 
gage* material requirements. The strength requirements for the fluid carrying 
lines of Configurations 1 and 2 are based on the following: 

* Minimum gage values far thermal studies include the positive fabrication 
1 

tolerance. 
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Internal pressure = 75 nominal + 100 surge = 175 psi 

Ultimate factor of safety = 4.0 

Yield factor of szfety = 1.65 

Proof to 1.5 times design pressure 

6-in. Dia. 

0.075 
I 20 

I Configuration 

Stainless Steel -A. 
0.010 0.010 
0.010 0.010 
0.012 0.010 

Table I 

FITTING STRUCTURAL REC 

Tiboium 

in.Dia.' in'. Dia. 
0.010 0.010 
0.011 0.010 
0.013 0.010 

2.5- 6- 

0.040 
0.040 

0.033 
0.033 

UIREMENTS 

6-in. Dia. I 6-in. Dia. 1 
0.014 0.0145 

The fiberglass tubes are strain critical, based on a limit of 0.233 percent allowed 
for the teflon liner. The 2.5-inch-diameter stainless steel and titanium tubes for 
Configuration 1 are designed by minimum gage requirements for the 8-inch length, 
but wall thicknesses increase with fitting length due to bending loads induced from 
assumed installation b d t  torquing requirements. The stainless steel and titanium 
tube wall thicknesses for Configuration 2 are designed by ultimate pressure. 

A third fitting shown in Figure 3 has been analyzed. This fitting, Configuration 3, 
was built and tested at Boeing t o  demonstrate the feasibility of a submerged- 
valve-type, Low-conductance, fiberglass fitting. The wall thicknesses for Con- 
figuration 3 are shcwn in Figure 3 and are based on experimental thermal test 
requirements instead of the design conditions discussed above for Configurations 
1 and 2. The fiberglass penetration tube of Configuration 3 is shown in Figure 4, 
along with a noncoated tube. 

THERMAL ANALYSIS METHODS 

Thermal models for Configurations 1 to 3 are presented in Figures 5 through 7, 
respectively. In the thermal models, the node points and thermal resistors be- 
tween nodes a re  schematically described. Radiation and solid conduction are 
considered. Since the fittings are designed for use with submerged valves, 
vacuum conditions are assumed to exist within all cavities downstream of the 
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valves to achieve low heat-flow rates. A hard vacuum within the cavity is the 
proposed condition of operation in the space environment. For the ground hold 
condition, it may be expedient to purge the cavities with helium gas. This would 
greatly increase fitting heat-flow rate until the line is purged to the vacuum en- 
vironment in space. Jakob , in Reference 2, presents an empirical correlation 
of data that can be used to estimate the convective heat-transfer rates in gaseous- 
filled enclosures. 

It is assumed that the only heat flow through the insulated fitting necks of Con- 
figurations 1 and 2 is in a direction normal to the layers of insulation. The 
apparent thermal conductivity in the normal direction through the multilayer in- 
sulation is expressed by Equation (1) which was taken from Reference 1 and 
modified by including a compression factor (C. F. ) on the conduction term. 

K = 4-82 x lo4 + 1.5 x lo'* (C.F.) (To + Ti) + 

By using insulation on the necks of Configurations 1 and 2, such as aluminized 
mylar or  aluminum fog carefully spliced with glass fiber paper, the longitudinal 
conduction can be kept to a minimum, and the physical model assumed will be 
closely approximated. 

The insulation wrap about the fitting neck of Configuration 3 consisted of layers 
of 0.25-mil foil and glass paper. Therefore, a three-dimensional analysis of 
heat transfer within the multilayer insulation was considered for Configuration 3 
by including in the thermal model a node pattern to account for conduction along 
the aluminum foil as well as normal to them'. 

Both conduction along the tube walls and radiation exchange throughout the evac- 
uated cavities are accounted for in the analysis. Solid conduction between physi- 
cally connected nodes was determined using the Fourier conduction equation and 
evaluating the thermal conductivity of the material at the mean temperature of 
the two nodes. The thermal conductivity versus temperature data used for the 
fitting materials in this analysis are presented in Figure 8.  The values for 
aluminum, stainless steel, titanium, and fiberglass are taken from Reference 3, 
and the. glass fibers data are those of Reference 4. Radiative heat exchange be- 
tween the surface nodes within the cavities of the fittings is determined by using 
Hottel's method (Reference 5 )  for diffuse gray body radiation within an enclosure. 
In this case, the heat transferred by radiation between two nodes within an en- 
closure can be expressed as: 

Qm -n = Am fmn (Tm4 - Tn4) 

where 
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and D =  

Y11- 

* A 2  

*lF13 

A1 _. 

PI A2F21 

*2 
A2F22 - pz 

A2F23 

I .  

A2F2n 

D is formed by replacing the nth column of D by: m n  

The reflectance and emittance values for the fitting materials are listed in Table II. 
Since reflectance of a surface depends on a number of variables, e. g. , direction, 
surface roughness, opaqueness, and incident energy wavelengths, the values listed 
in Table II are intended only to be representative of the materials used for the con- 
ditions of this analysis and not exact values. All surfaces are assumed to be 
opaque. The wavelengths of radiation to be considered fall in the infrared region 
of the spectrum since the highest temperature to be dealt with is 600"R. 

Material 

Fiberglass 

Stainless Steel 

Titanium 

Aluminum 

Table I1 

MATERIAL SURFACE PROPERTIES 

Reflectance 

0.10 

0.60 

0.75 

0.90 - 0.95 

Emittance 

0.90 

0.40 

0.25 

0.10 - 0.05 
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The valve cavity is represented in Thermal Models 1 and 2 by an effective emit- 
tance of teff = 0.45 for 2.5- and :-inch-diameter disks, respectively. The value 
of effective emittance is detcrmined by first solving Equation (3) to obtain the 
radiant interchange factors of a five-node model of the valve cavity and substitut- 
ing them into Equation (4) below. 

;P Am m-o teff of opening = 
0 (4) 

At the opposite end of the fitting cavity, a similar representation of effective emit- 
tance for  the downstream fluid line is made. By assuming that the fluid line ex- 
tends beyond the fitting boundary for  L/D 2 4.0, the effective emittance of the 
opening will be independent of length and equal to €eff = 0.40, as can be found 
in Reference 7. It should be pointed out that Equation (4) is valid only for  an 
isothermal cavity. The entire valve cavity, which is assumed to be aluminum, 
is certain to be very nearly at the temperature of liquid hydrogen throughout. 
The downstream aluminum fluid line is, by assumption, isothermal with a tem- 
perature the same as the fixed external boundary temperature. 

Solutions for  the temperature distribution and the resulting heat flow through the 
fittings are determined using the Boeing Engineering Thermal Analyzer computer 
program. By iterative technique, the program solves the conduction and radia- 
tion equations for  the nodal networks described in Figures 5,  6 ,  and 7 until 
steady-state temperzture conditions are attained. A separate program has been 
written to obtain rapid solutions of Equation (3). This solution is based on a 
matrix inversion routine programmed for the IBM 7094 computer. A typical 17- 
node enclosure requires 0.12 minute of computer time to obtain the resulting 
256 "A #"I terms 

In this analysis, diffuse emitting and reflecting surfaces are considered. It is 
recognized that diffuse scattering is more representative of materials such as 
fiberglass than it is for the high-reflectance, smooth-metal surfaces that gener- 
ally exhibit specular characteristics. Since surfaces of all materials fall some- 
where within the diffuse and specular range, it should be noted that the results 
in this paper represent the limiting case of purely diffuse surfaces. A general 
method of analysis for specularly reflecting surfaces had not yet been developed. 
Special geometric cases have been solved, including specular surfaces. These 
are reported in References 9, 10, and 11. However, the image analysis tech- 
nique employed for obtaining solutions in References 9 through 11 would require 
a prohibitively large number of nodes for the geometry of the configurations 
studied he rein. 

The degree of e r r o r  resulting from neglect of specular reflectance is believed to 
be small. There are a number of reasons for this argument. The first is that 
the sample problems presented in References 9 and 11 show that a variation in 
heat transfer, usually less than 10 percent, is the result of including specular 
properties in an otherwise all-diffuse analysis. A second reason is that the 



specular surfaces have lower emittance values. The results presented in the 
next section of this paper show that radiation contributes more significantly to 
the total heat flow through fittings with materials of high rather than low emit- 
tance characteristics. Still mother reason is that certain highly reflective 
metals, which might be used as surface coatings, are not entirely specular in 
the infrared region of the spectrum. As  an example, in the investigation re- 
ported in Reference 8 it was concluded that polished gold exhibits reflectance 
characteristics that are more diffuse than specular in the far infrared. 

TEMPERATURE DISTRIBUTION AND HEAT-FLOW RESULTS 

TEMPERATURE DISTRIBUTIONS 

The temperature distribution along a tube wall that penetrates cryogenic tank 
insulation becomes decidedly nonlinear when radiation, in addition to  solid con- 
duction, is considered in the analysis. Results that show this nonlinearity are 
presented in Figure 9. The multilayer insulation compression factor (C. F.) is 
1.0 f c r  obtaining these temperatures. In Figure 9, the difference in tempera- 
ture between an analysis considering both radiation within the cavity and conduc- 
tion and an analysis considering only conduction, increases with increasing ex- 
ternal boundary temperatiae. This is the expected result since heat transfer by 
conduction is primarily dependent on the second power of the temperature differ- 
ence while radiation is a fourth-power-dependent term. 

In Figure 10, the analytically determined temperature distribution is compared 
with experimental data. These test data were obtained with five copper-constantan 
thermocouples bonded to  the inside of the aluminized fiberglass tube wall of Con- 
figuration 3. The penetration was tested in,the fitting of a Boeing, insulated, 19- 
inch-diameter liquid hydrogen tank. Except for one point, good agreement 
between experimental and theoretical temperature is found. 

In Figure 11, the predicted steady-state temperatures for each node of Configura- 
tion3 are presented. These temperatures are based on a C. F. of 50 for the 
thermal conductivity of insulation, Equation (1) , in the direction normal to the 
layers. This factor is used to  account for firm wrapping of the insulation about 
the fitting neck and atmospheric compression of the tank insulation by the soft 
outer shell. It can be seen in Figure 11 that, although large temperature gradients 
exist between layers, very small gradients occur along a layer due to the relative 
high conductance provided by the aluminum.. For glass fiber paper and aluminum 
foil insulations of this type, it is very important to avoid short circuiting the foils 
either against the cold tank wall or  the warm outer containment shell. 

GAS-PURGED FITTING 

Free-convection calculations for a helium -gas-filled enclosure, based on the 
geometry of Configuration 3, show that, at one atmosphere, the gas increases 
the heat transfer rate through the fitting by 33 Btu/hr. This calculation is for 



boundary temperatures of 360 and 36% and is based on the empirical equations 
presented in Reference 2, Pages 534 to 538. Tests of Configuration 3 at the above 
boundary temperatures resulted in an increased rate of heat transfer of 68 B t u h r  
through the fitting when filled with helium gas (Reference 5). This m-erence be- 
tween the predicted and experimental results can best be explained by the following: 

1) The empirical data of Reference 2 were obtained for nonconducting walls. 

2) The Grashof number for the test conditions is of the order of 4 x lo8, whereas 
the empirical equations are correlated with Grashof numbers ranging only as 
hie as 0.11 x 108. 

The equations of Reference 2 do not account for radiation within the gas- 
filled enclosure. 

3) 

HEAT FLOW THROUGH EVACUATED FITTINGS 

Steady-state heat-flow rates for Configurations 1 and 2 are presented in Figures 
12 through 14. The effects of external boundary temperature and overall fitting 
lengths are presented in Figures 12 and 13 for stainless steel and fiberglass tube 
penetrations in that order. The solid curves in these figures represent predicted 
heat flow rates considering both conduction and radiation in the analysis; whereas, 
the dashed curves represent rates considering only conduction throughout the. 
fitting. Again, the deviation between the solid and dashed curves increases with 
increasing external boundary temperahre, as was the case with temperature 
distributions. The influence of radiation in the analysis is more pronounced for 
the heat-flow results shown for Configuration 2 (fiberglass) and Configuration 1 
(fiberglass; not shown) than for the penetration tube configurations with stainless 
steel and titanium (not shown). 

A comparison of heat flow rates for Configurations 1 and 2 is presented in Fig- 
ure 14. These data are based on a constant external boundary temperature of 
4OO"R, which, according to detailed studies performed in Reference 12, is a 
representative liquid hydrogen tank outer shell mean temperature for a shrouded 
model in a 100-nautical-mile circular equatorial orbit around either the Moon or 
Earth. The lowest heat flow shown in Figure 14 is attained by using Configura- 
tion 1 with fiberglass penetration tubes. Both fittings approach a minimum and 
constant value of heat flow with increasing fitting lengths. The effect on fitting 
heat flow caused by penetration-tube material changes is more pronounced for 
fitting Configuration 1 than for Configuration 2. For this reason, Configuration 2 
offers the lowest heat-flow rate for fittings longer than 10 inches, as shown in 
Figure 14, if penetrations of stainless steel are used. With titanium penetration 
tubes, Configuration 1 has the lowest heat-flow rate for lengths less than 13 inches, 
and Configuration 2 shows the lowest rate for lengths greater than 13 inches. 

A vacuum deposition of aluminum on the walls of the fiberglass tubes reduces the 
emittance of the wall from 0.9 to of the order of 0.05.  The small thickness of 
aluminum (200 to 1200 angstroms) has a negligible effect on conduction along the 



tube. In Figure 15, the effect of wall emittance on heat flow through Configura- 
tion 2 is shown. It becomes evident that, as wall emittance approaches zero, 
heat flow through the fitting approaches the "conduction only" solution. There- 
fore, no matter what material is used for  fitting construction, it is expedient to 
prepare the surfaces for the lowest emittance values possible. 

Local heat-flow rates through Configuration 3 are presented in Figure 16. Since 
the fiberglass penetration-tube cavity for this fitting has surfaces coated with 
aluminum, little radiant energy is absorbed at the cold end of the tube. The 
major heat input for this fitting is by conduction along the stainless steel tube. 
Also, the results presented in Figure 16 show that penetration causes an in- 
creased heat flux through the tank insulation in the vicinity of the neck that de- 
creases with distance away from the fitting. The glass fiber spacers against 
the tank wall are to prevent shorting out of the aluminum foils wrapped about the 
neck. The lower thermal resistance of these fiber insulators where the fitting 
joins the tank allows energy to be channeled out of the foil of the multilayer in- 
sulation. The heat-flow rate per unit area through the a,xi.svmmetric, two- 

sional set  of insulation nodes, the value is 2 .4  Btu/ft2hr. Additional nodes for the 
thermal model are probably necessary in order to determine the overall effect the 
fitting has on heat flow tlirough the tank insulation. Care should be e-xercised to 
use radiation shielding, contact resistance, and low-conductance materials in the 
design of the insulation surrounding a fitting so that maximum thermal resistance 
will result f o r  the overall tank insulation system. 

dimensional tank multilayer insulation nodes is 1.57 Btu/ft 2 hr ;  for the one-dimen- 

CONCLUDING REMARKS 

The results of the analysis presented in this paper show that the important param- 
eters in thermal design of cryogenic tank fluid line fittings are both the conductive 
and radiative modes of heat transfer, fitting materials, surface reflectance , con- 
figuration, cavity vacuum condition, and external insulation. Fiberglass is the 
best material for tube penetrations considered in the investigation for obtaining 
low heat-flow rates through fittings. Additional reductions in heat flow for fiber- 
glass tubes can be achieved by aluminum deposition and liner improvements. A 
Boeing development program that subjected fiberglass tubes with various liner 
materials to cyclic pressure testing at cryogenic temperatures has shown that a 
strain design allowable of 1.0 percent or slightly greater for H-film* liners on 
fiberglass tubes gives high reliability. This greater allowable strain will reduce 
the tube wall thickness required and, as a result, the heat-flow rate for the 
fiberglass fittings. 

The importance of detailed thermal analysis and design for selection of tank fluid 
line fittings for a space propellant storage tank system is shown in Figure 17. A 
single Configuration 1 fitting with stainless steel penetration tubes will contribute 
a heat-flow rate approximately equal to 48 percent of the heat flow through the tank 
insulation. A tank with 300 square feet of surface area was chosen for illustration 

* A Du Pont polyimide. 
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base in Reference 13 it was pointed out that, for a liquid hydrogen tank of that 
Same surface area, at least three and possibly five fluid line penetrations would 
be required. With five of the above stainless steel penetration fittings on the tank 
described in Figure 17, the total penetration heat flow rate would be 240 percent 
of the insulation heating rate. However, by using Configuration 2 in the 16-inch 
length with an aluminized fiberglass tube, the total heat flow rate for five such 
fi#ings would be reduced to less than 75 percent of the insulation heating rate. 
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ABSTRACT 

The thermodynamic problems associated with the  design of 
cryogenic h e a t  exchangers are discussed. Various recent ly  
developed hea t  t r ans fe r  and pressure loss cor re l a t ions  a r e  
presented f o r  both tube and s h e l l  s ide .  
for high Reynolds N u m b e r s ,  l a rge  temperature d i f fe rences ,  and 
hea t  t r a n s f e r  near t h e  c r i t i ca l  point. 
such as flow o s c i l l a t i o n s ,  carbon deposit ion,  bo i l ing  h e a t  
t r a n s f e r ,  and thennophysical p roper t ies  are t r e a t e d  b r i e f ly .  

Correlations are given 

Cer ta in  special problems 



THERMAL DESIGN OF CRYOGENIC HEAT EXCHANGERS 
FOR SPACE VEHICLE PRESSURIZATION SYSTEMS 

INTRODUCTION 

This paper presents correlations and other information obtained 
in the thermal design of hn2t exchangers for the presscrization systems 
of the Saturn vehicles. On this type of vehicle, pressurization of the 
propellant tanks is required to maintain a minimum NPSH at the 
propellant pumps. Heat exchangers a r e  used to heat the pressurants 
and thus minimize gaseous residuals. 
necessary to meet pressurization requirements without exceeding the 
maximum temperature fixed by structural  and other limitations. 
typical heat exchanger configuration is shown in Figure 1. The 
importance of the pressurant inlet temperature is illustrated by 
Figure 2, which shows the flow requirements for a typical propellant 
tank. 

Accurate thermal design is 

A 

The pressurants consist of vaporized oxygen or  hydrogen propellant 

LOX/RP-1 and LOX/H2 combustion products a r e  used a s  the 
or the inert gas, helium, which a r e  forced through the heat exchanger 
tubes. 
heat source on the shell side. 
for test purposes. 

Nitrogen is often used on the tube side 

For  the heat exchangers considered, there a r e  several  difficult 
design problems a s  outlined.below. The heat exchangers use helical 
coils, which complicate performance predictions. Reliable data for 
thermophysical properties a r e  often limited. 
numbers and high temperature differences exceed the range of most 
correlations. 
combustion products. 
in units which use LOX/LHz combustion products. Flow oscillations 
have been experienced even at supercritical pressures.  Due to lack 
of adequate information for the above problems, extensive experimental 
data is required for accurate heat exchanger design. The F-1*, J-2** 
and H-l*** heat exchangers were initially designed with excess heat 
transfer surface to cover the above uncertainties. After sufficient 
experimental data was obtained, design .conditions in the F -1  unit were 
produced by bypassing the heat exchanger with a portion of the pressurant. 
In the case of the H-1 unit, a heat resistant coating was applied to the 
outside surface of the tubes. 
by plugging certain tubes and the possible use of a pressurant bypass. 

The large Reynolds 

Carbon deposition occurs in units which use LOX/RP- 1 
Condensation and/or solid formation can occur 

5-2 design conditions will  be accomplished 

* Saturn V, 1st Stage ** 
*** Saturn I, 1st Stage; Saturn IB, 1st Stage 

Saturn V, 2nd and 3rd Stages; Saturn IB 2nd Stage 



Most correlations presented in this paper were developed after initial 
design of these units. 

Heat exchanger thermal design as discussed here is based on the 
heat transfer coefficients, the tube wall resistance, and the fouling 
factors combined to give the overall coefficient. 
resistance is determined by the equation for heat flow through a cylinder. 
Heat transfer coefficients, pressure loss procedures, related thermo- 
physical properties, and other problems a re  discussed below. 

The tube wall 

TUBE SIDE HEAT TRANSFER COEFFICIENTS 

A number of investigations have been performed on single phase 
flow inside straight, round tubes. 
Boelter correlation based on bulk properties, the Colburn correlation 
based primarily on film properties, and the Sieder-Tate correlation 
based on bulk properties with a viscosity ratio correction. These 
equations a re  all limited to moderate temperature differences and 
produce significant e r rors  near the critical temperature. Thus, the 
above equations a re  not adequate for most cryogenic applications. 
Corrections a re  necessary for fluid bulk temperature, tube wall to 
bulk temperature difference, entrance effects, etc: Tube side 
correlations used for  design and data analyses a re  outlined below: 

The best known a re  the Dittus- 

For hydrogen at supercritical pressures, the selected correlation 
is based on a report by Seader et al. (1) as follows: 

0.8 0.4 -0 .55  
(1) (Pr)b 01Q20304 = 0.025 (Re)b 

Equation (1) is based on extensive experimental and analytical 
studies ii  conjunction with regenerative cooling of rocket nozzles. 
@,, Q2, 8,, and g4 a re  corrections for bulk hydrogen temperature in 

the critical region, entrance effects, asymmetric heating, and surface 
roughness, respectively. These 8 factors a re  discussed in Appendix A. 

For oxygen at supercritical pressures, the selected correlation 
was developed at MSFC ( 2 ) ,  based on the test data of Powell (31, as  
follows: 

0.8 0.4 -0.34 
(2) = 0.023 (Re)b (pr)b 
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0, and 8 a r e  for bulk oxygen temperature and entrance effects, 

respectively. The 0 factors a r e  discussed in Appendix B. 
2 

For helium, nitrogen, and air at supercritical temperatures, the 
following selected equation is based on reports by Seader (4), McEligot, 
et al. (5), and Simoneau, et  al. (6): 

-0.2 -0.6 -0.55 
(3) (St)b = 0.025 (Re)b (Pr)b (Tw/Tb) 

Seader conducted an extensive literature survey for flow inside tubes 
in which several correlations were detailed. 
from Seader, but McEligot and Simoneau present similar results. 

Equation (3)  was obtained 

Several authors (7, 8, 9, and 10) have also presented data and/or 
correlations for  helium, nitrogen, and air at supercritical temperatures 
based on a film o r  reference temperature. 
study ( l l ) ,  the results of the above writers can be reasonably 
correlated by: 

As outlined in a MSFC 

0.4  0.8 0.8 
(4) (Nulr = 0.021 (Pr) r ( pr/pb) 

Equation (4) was initially developed for a MSFC computer program, 
but equation (3 )  was later selected since it appears to have a better 
basis. 

The limits of the above correlations vary widely as shown by the 
respective references. 
However, these equations a r e  all of the same general type s o  that 
the limits a r e  assumed to be the same for each equation. 
are as follows: 

In some cases the limits a r e  not specified. 

The limits 

6 1. 5X1O4SReS3.7Xl0 , l . l s ( T  /Tb)sll .O. & 0 .7sP  5120. 

Space vehicle pressurization system heat exchangers use helical 

W r 

coils. Both heat transfer and pressure loss in curved tubes are 
significantly greater than for a straight tube. In some cases the 
increase can be a s  much as 75 per cent. The above equations a re  all  
for straight tubes and must be corrected for a helical coil. The 
selected correction, initially developed by Ito (12) for pressure loss, 
was recently used by Seban and McLaughlin (13)  to correlate heat 
transfer. 



( 5 )  h/h = 
S 

[Re (di/D)'] > 6  

The above equations a re  applicable only for single phase flow, but 
in some cases the pressurant experiences a phase change. 
forced convection boiling heat transfer correlations a re  limited. 
a result, an extensive literature survey has been performed on boiling 
heat transfer for cryogenics by Seader et al. 

Reliable 
As 

(14) for MSFC. 

Figure 3 shows a comparison of computed performance with test 
data for a typical LOX heat exchanger. This comparison demonstrates 
that equation (2) presents significant corrections to the commonly used 
Dittus - Boelter equation, 

SHELL SIDE HEAT TRANSFER COEFFICIENTS 

The determination of the outside coefficient is complicated by the 
It has been lack of correlations for helical coils in cylindrical ducts. 

asslinied the outside film will be essentially the same as that for cross- 
flow over straight, inline tubes. 
MSFC (15) of the better known references. 
correlations obtained a re  shown in FIG 4. Curves la, 2, and 3 of 
FIG 4 represent information give? by McAdams ( 7 ) .  Curve lb is 
based on the equation given by Gram et al, (16) assuming Fh = I-. 
Curve 4 is a modification of Dwyer et al, 's (17 & 18) correlation. 
Curves 5 through 9 show the results of Kays and London (19) which 
were.also modified to conform with FIG 4. The data of McAdams, 
Gram, and Kays and London a re  based on gases, primarily air. 
data of Dwyer was obtained from the flow of water over a single tube 
bank. 
ten rows in depth, and that the difference between film and bulk 
properties are negligible. 

A limited study was performed at 
The graphical results and 

The 

Figure 4 is subject to  the assumption that the tube matrix is 

From the results of F IG 4, the following correlations were 
selected for the outside heat transfer coefficients: 
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-0.4 = 0.33 Fh (Re)b 2/3 ( 6 )  (St)b (pr)b 

N = 10 

3 5 
2 x 10 S R e b l l  x 10 

Fh = f (Reb, X1, X ) a's given by Gram, e t  al. (16) t 

-0.2 (7) (St+ x (Wf 2'3 = 0.0325 (Re)f 

N = 10 
5 6 10 I R e r 1 0  

At high Reynolds Numbers, Fh = 1.0 for most tube configurations. 
Corrections for N; which a r e  about unity for most tube bundles, can 
be.obtained from McAdams. 
and equation (7) is a modification of that used by Dwyer et  al. to 
correlate their data. 
phase fluids not near the critical point. 
to be for  moderateAT's between bulk fluid and the tube wall. 
any corrections for large AT's.are yet to be determined. 
significant that the above heat transfer coefficients represent a mean 
value for the mat&. The importance of this is illustrated by the fact 
that Dwyer et  ale's tubes at the side walls gave coefficients about 15% 
greater than the average for the matrix. 

Equation (6) is presented by Gram e t  al. 

Of course both equations a r e  limited to single 
Most of the test  data appears ,  

Therefore, 
It is 

PRESSURE LOSS CORRELATIONS 

Friction pressure loss calculations a r e  complicated by the effect 
of helical coiled tubes. 
It0 (12) as follows: 

The correlation selected was developed by 

.05 
(8) f c s  /f  = [Re (g)? 

[Re(di/D)'] > 6 
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This curved tube friction factor replaces the straight tube friction 
factor normally used in pressure loss calculations, The straight tube 
friction factor can be determined by using the Colebrook equation (20) 
or a Moody diagram, 

In some cases the o q g e n  pressurant used on the Saturn vehicles 
experiences a phase change. 
et al. (21)  has been selected for two phase pressure loss calculations, 
A dimensionless term is used to evaluate a two phase correction factor 
as shown in Figure 5 .  
of both liquid and vapor is  the product of the pressure loss of the vapor 
component flowing alone and the two phase correction factor squared. 

A correlation presented by Martinelli 

The two phase pressure loss for turbulent flow 

The static pressure loss in a heat exchanger includes the momentum 
loss, which is often significant. Since static pressure is normally 
specified for heat exchangers, it is important that momentum losses 
be determined, 
ing the momentum pressure loss: 

McAdams ( 7 )  presents 4 simplified method of comput- 

2 (9) APm = - G (vz - vl). 

gc 

V2/VI 5 2.0 

Shell side pressure loss is important due to its effect on turbine 
pdrformance and shell side flow. 
recommended by Kays and London (19) a r e  currently used, 

The pressure loss procedures 

THERMOPHYSICAL PROPERTIES 

Hydrogen, oxygen, and nitrogen are normally stored at  subcritical 
temperatures and pressures;  therefore, they pass through the region 
of the critical point when heated to a superheated temperature. Near 
the critical point, thermophysical properties vary considerably with 
temperature and pressure. This large property variation, especially 
specific heat, makes the use of finite difference procedures essential. 
Helium is used at supercritical conditions and does not pass through 
the critical region. 
obtain properties, data are still limited fo r  the above f!uids. 
properties of the LOX/RP-1 and LOX/H2 combustion products a r e  also 
limited. The National Bureau of Standards (22, 23, 24, & 25) presents 
data for cryogenic fluids which a r e  used as pressurants. 
of properties is  demonstrated by their use in the above correlations 
for heat transfer and pressure loss. 

Though considerable effort has been expended to 
The 

The importance 



OTHER THERMAL DESIGN PROBLEMS 

As outlined previously, analyses of heat exchangers which utilize 
LOX/RP- 1 combustion products a r e  complicated by carbon deposition. 
This carbon fouling is a function of total firing time, mixture ratio, 
dynamic pressure, etc. Preliminary carbon fouling correlations have 
been obtained a s  shown in Figures 6 and 7. Figure 6 ,  by M. E. Nein, 
shows the importance of dynamic pressure and mixture ratio on carbon 
deposition. 
illustrates the importance of accumulated firing time. These results 
were used for design and analysis of the F-1 unit but a r e  not adequate 
for design in general. 
carbon fouling data. 

Figure 7 shows a correlation of some test  data which 

Efforts a r e  continuing at  MSFC to obtain better 

Analyses of cryogenic heat exchangers using LOX/ LHz combustion 

Efforts a r e  being made to correlate these phenomena, 
products a re  complicated by the possibility of condensation and/or 
solid formation. 
however, at  this time no reliable method has been obtained. 

Another problem in heat exchanger design is oscillation of certain 
pressurants. Oscillations can affect system performance and cannot 
be tolerated. In the case of the F-1 heat exchanger, the GOX flow and 
pressure oscillated even though the operating to critical pressure ratio 
was about two (2) .  Oscillations can be controlled in some instances by 
orificing of the tube inlets. It is, however, frequently impossible to 
obtain the required pressurant flowrate range, due to excessive pressure 
loss. 
crit ical  point; the mechanism of oscillations a r e  not clearly understood. 

Though believed due to the large property changes near the 

Fundamental studies of oscillations a r e  currently being performed for 
NASA by the General Electric Company ( 2 6 )  and the University of Miami 
( 2 7 )  

CALCULATION MET HODS 

Due to the large temperature changes of cryogenic pressurants,  
the corresponding thermophysical properties vary significantly along 
the coil length. Because of this property variation, finite difference 
procedures a re  essential for accurate design. The coils a r e  divided 
into a number of increments, and the properties, heat transfer 
coefficients, etc. a r e  determine.d at  local conditions. Design of heat 
exchangers by the incremental method is time consuming making 
computer solutions practical. 
will either design new heat exchangers or predict the performance of 
existing units. 

Computer programs developed at  MSFC 
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CONCLUSIONS AND RECOMMENDATIONS 

1. Heat exchanger design significantly affects both the pressur- 
ization system and vehicle payload by minimizing pressurant flow and 
gaseous residuals. 

2, Corrections for most well known heat transfer correlations 
are necessary for analysis of cryogenic fluids in helical coils, 

3, Equation (6) for low shell side Reynolds numbers should not 
be extrapolated beyond R e  = 105. 
Re >1 x lo5 are limited, therefore, more data is needed. 

Adequate correlations for 

4. Complete and accurate thermophysical properties of cryogenics 
are especially important because of the large variations encountered. 
Due to these property variations, finite difference procedures a r e  
essential for design. 

5. Although preliminary correlations for carbon deposition have 
been developed, they a r e  limited to the conditions in certain Saturn 
LOX/RP-1 heat exchangers. 

6 .  With test data, flow and pressure oscillations can be controlled 
by orifices, but a correlation capable of predicting oscillation limits 
during design is not available. 

7 .  The correlations and other information presented in this paper 
represent significant improvement in cryogenic heat exchanger design. 
However, adeq=zate correlations for carbon deposition, forced convection 
condensation, flow oscillations, etc. a r e  not available. Therefore, 
test data is yet required to determine heat exchanger modifications in 
order to produce specified unit performance. 



DEFINITION OF SYMBOLS AND UNITS 

SYMBOL 

cP 
d 

D 
f 

'h 

gc 

G 

h 

j 

k 

L 

if 
N 

Nu 

P 

9 

DEFINITION BRITISH UNITS METRIC UNlTS 

Specific Heat Btullb-"R K Cal/Kg OK 

Tube Diameter  f t  M 
Coil Diameter  f t  M 

Frac t ion  factor 

Correct ion for  
T r a n s v e r s e  and 
Longitudinal P i tch  

Gravitational (lb,) ft/sec 2 Kgm M / h r 2  
Constant 

Mass  Velocity lb/f t2  h r  Kg/Mzhr 

F i l m  Coefficient Btu/ h r  - OR -ftZ K Callhr-OK M2 
213 (st) IPr) I 

(Ibf) KP 

Colburn Heat 
T rans fe r  Fac to r  

Conductivity Btu /hr -  "R-ft2 / f t  K C a l / h r -  OK-M / M  2 

Length f t  M 

Mass  flow r a t e  l b / h r  Kg /h r  

Number of tubes 
in direction of 
flow 

Nusselt Number, 
hd 
k 

Static P r e s s u r e  lb/f t2  

Dynamic 
P r e s s u r e ,  
V2P lb / in2 

- 

2gc ( 144) 

--- CPP 
Prandt l  Number, 

k 

P r  
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SYMBOL 

R e  

R 

t 

S 

St 

t 

T 

V 

V 

X1 

Xt 

Xtt 

6 

c 

P 

P 

Q 

DEFINITION BRITISH UNITS METRIC UNITS 

Reynolds Number, 
P dV 
P 

-- 

Heat T r ans  f e r  
R e s  is tance 

Ac tua l  Mixture 
Rat io  

Stoichiometric 
Mixture  Ratio 

Stanton - 
Number 
T i m e  

Tempera ture  

Velocity 

Specific Volume 

Ratio of Pi tch  t o  
Tube Diameter 
in Direction of 
Flow 

Ratio of Pi tch to  
Tube Diameter 
T rave  r s e to  

h 
VCPP 

f$"R-hr/Btu M20K hr /C21  

Sec o r  h r  

OR 

f t / h r  

f t3/ lb  

Direction of Flow 

Dimensionless Rat io  

Carbon Thickness ft 

Surface Roughness f t  

Viscosity lb/f t -hr  

Density lbs/ft3 

Two P h a s e  
Correc t ion  

Correct ion factors  
(see appendix 
A & B)- 

Sec o r  h r  

'K 

M / h r  

M3/Kg 

M 
M 
Kg/M-hr 

Kg/M3 
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SUBSCRIPTS DE FINIT ION 

b 

C 

f 

i 

1 

m 

0 

r 

S 

V 

W 

bulk 

curved tube 

film 

inside 

liquid 

momentum 

outside 

film temperature determined 

by Tr = T .  + 0 . 4  ( T  - Ti) 
1 wi 

straight tube 

vapor 

wall 
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APPENDIX A 

0 FACTORS FOR TUBE SIDE HEAT TRANSFER 
CORRELATION OF HYDROGEN 

(1) 0, is a function of T as follows: b 

40 
50 
60 
70 
80 
90 

100 
110 

>120 

1.0 
1.0 
0.38 
0.51 
0.70 
0.80 
0.92 
0.96 
1.00 

(2) Q, = 1 + d./L, a correction for entrance effects. 
- 1 

(3) $3 = 0.90 for R e  >500 ,000 ,  a correction for asymmetric heating. b 
NOTE. 
cooled high chamber pressure rocket engines. 
exchangers considered in this paper, fd3 = 1.0. 

Seader's corrgctions are recommended for regeneratively 
For  the heat 

(4) 0, = 1.t 1000 (c/d.) (loglo Reb -5 .625)  for  c/d.<O. 0005; 
1 1 

Re >500,000,  a surface roughness correction. 
b 
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APPENDIX B 

8 FACTORS FOR TUBE SIDE HEAT TRANSFER 
CORRELATION O F  OXYGEN 

0. ,a 0.4 -0.34 
Nub = 0.023(Re),, (Pr )b  ( Tw/ Tb) 01 0, 

(1) 8 ,  is a function of Tb and T as follows: 
W 

0 ,  co: 

200 

278 

300 

350 

40 0 

> 400 

.ection F a c t o r  

Tw’ (OR) 

600 1000 1800 

1.3 0.95 

0. 58 0. 42 0. 32 

0.68 0.556 0.434 

0. a36 0.764 0.655 

1.0 1.0 1.0 

1.0 1 . 0  1.0 

(2) 8, = 1.48 fo r  L/di 5 50 - 0.1 
(L/di)  

8 ,  = 1.0 for L/di > 50 
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SUBSYSTEM DURING THE INITIAL DESIGN OF A 

PRESSURIZATION SYSTPI: TWO COMPUTER PROGRAMS" 

by Wayne A. Muth, Assistant Research S c i e n t i s t  
Advanced Technology and 

Development Section 
War tin Company 
Denver, Colorado 

On 20 November 1963, a contract ,  NAS 3-2574, Advanced Pressuri-  

zation System for Cryogenic Propellants was s t a r t e d  by t h e  Martin 

Company in conjunction with NASA Lewis. The program encompasses 

the analysis, design, development, fabr icat ion,  t e s t ing ,  and del ivery 

of advanced pressurizat ion systems for the  propel lant  tankage of 

cryogenic propulsion systems f o r  space vehiclee. 

One of the  i n i t i a l  s teps  i n  the program involved the comparison 

of a large number of po ten t i a l  tank pressurizat ion systems and 

methods. This first list of candidates w a s  se lec ted  for conaidera- 

tion by mutual agreement between NASA and Martin. 

t o  be selected a lesser number of candidate systems and methods 

which would subsequently undergo a detailed and rigorous analysis.  

From these were 

A system weight analysis  comprised one of the  major c r i t e r i a  by 

which these first candidates were t o  be compared. 

candidate systems included a gas geacrator/beat exchanger subsystem 

as a major element of t he  system. 

calculat ion procedure f o r  t he  determination-of the optimum gas 

A number of the 

Thus, the need for an e f f i c i en t  
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generator/heat exchanger subsystem weight w a s  subsequently ident i f ied.  

It ua8 desired that the  calculation procedure be r e l a t ive ly  f a s t  and 

easy t o  use ye t  su f f i c i en t ly  rigorous t o  yield subsystem weights which 

would be r e l i ab ly  accurate for this in i t ia l  comparison-of overa l l  p'res- 

sur iza t ion  system weights. 
use on the  I H  1620 digital computer would prove t o  be of par t icu lar  

value and efficiency. 

It was fe l t  t ha t  a program su i tab le  for 

Two computation approaches were developed. Both are basical ly  

similar i n  that they are referenced t o  the methods presented by 

Kays and Iondon i n  t h e i r  book, Compact Heat Exchangers. 1 

1. The first computer program w a s  generated f o r  use i n  the i n i t i a l  

screening of candidate systems. Eknphasis lay i n  obtaining 

firm heat exchanger weight estimates for inclusion as par t  

of the individual  overal l  system weights. 

tions were made f o r  heat exchangers of di f fe ren t  configura- 

t iom thereby permitting a ten ta t ive  configuration choice 

t o  be made by direct comparisoa of heat exchanger weights. 

A second computer program w a s  developed later f o r  the purpbse 

of providing information i n  grea te r  d e t a i l  f o r  in i t ia l  design 

purposes. i.e., precise  def ini t ion of the heat exchanger 

dimensions, flow velocity charac te r i s t ics ,  and pressure 

drops f o r  a par t icu lar  configuration. 

proved par t icu lar ly  u s e f u l  as an in-house check agafnst design 

data furnished by prospective vendors. 

T r i a l  calcula- 

2. 

This second program 

Each of the two computer programs is now discussed i n  detai l .  

Following the  discussion of the f i r s t  program is a description of the 

manner in which gas generator w e i & t s  vere scaled and how the com- 

bined heat exchanger/gas generator mabsyatem weights w e r e  calculated. 

The paper is concluded with a brief discussion of calculat ions made 

during the course of the contract  for which they were developed. 

1 

HcGraw-Hill. 19%. 

Kays, U.H., and Ion+m, A.L., Compact Heat Exchangers. 
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FIRST COMPUTER PROGRAM 

A number of alternative computation methods were examined and 

It w a s  deemed important t h a t  the usual  assumption (1) evaluated. 

t ha t  t he  heat capac i t ies  of the two f l u i d s  be constant,  and (2) 

that the  overa l l  heat  transfer coef f ic ien t  be constant,  should be 

avoided. This ru led  out the  c l a s s i c a l  "log-mean temperature 

difference" method per se. The method selected,  however, was 

similar i n  pr inciple .  Rather than calculat5ng a mean temperature 

difference (i.e., log-mean), the  instantaneous temperature d i f f e r -  

ence between hot and cold f l u i d s  is calculated f o r  only a s m a l l  

increment of heat exchanger surface. This procedure is repeated 

until  a spec i f ied  f i n a l  temperature is reached. 

lengths of heat exchanger surface are then summed t o  y i e l d  a t o t a l  

The incremental 

value f o r  the surface required. 

Consider Figure 1. This is  the  conventional p lo t  of temperature 

his tory as a function of surface area, ... i.e., the two curves trace 

the respect ive temperature of the hot and cold f l u i d s  during t r a v e l  

though t h e  exchanger. As drawn, the curves are applicable t o  p a r a l l e l  

flow. (Analogous f igu res  can be drawn f o r  counter-flow and cross-flow 

cases.) The ca lcu la t ion  procedure is comprised of four s teps:  

1) I n i t i a l  input  t o  the  program 

a) 

b) 

c )  

d) 

e) 

f) 

cold f l u i d  flow rate -- 
init ial  cold f l u i d  temperature -- 
f ina l  cold f l u i d  temperature -- T 

hot f l u i d  flow rate -- % 
initial hot f l u i d  temperature -- 
a value f o r  the amount by which Th 
fo r  any given s t e p  -- ATh' and 

Tc 0 

Th* 

Ct 

is t o  be decremented 
0 
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g) certain required physical p roper t ies  and parameters 

such a6 s p e c i f i c  heat ,  v i scos i ty ,  and thermal conduc- 
. .  

t i v i t y  ( a s  functions of temperature) for both f l u i d s ,  

and the  i n s i d e  and outside tube diameters. 

Items (a), (b) and ( c )  are d ic ta ted  by the requirements of the  

pressurizat ion system, (d) iE; an a r b i t r a r y  t r ia l  value, ( e )  is 

dic ta ted  by r e s t r i c t i o n s  on the gas generator o u t l e t  temperature, 

and ( f )  i s  a r b i t r a r y  (usually 100'R). 

2). Calculations over the first increment (shaded area i n  

Figure 1 ) :  

a) T~ is set as T =  AT^ 
1 hO 

b) The heat made available for t r a n s f e r  over the  f i r s t  

increment is 

where c is the  instantaneous constant pressure  

phO--l 
heat capaci ty  of the  hot f l u i d  evaluated at the mean 

temperature, 1/2 T ( ho + Thll 

c)  The heat transferred t o  the  cold f l u i d  is assumed 

equal t o  t h a t  l ibera ted  by the  hot f l u i d  (an arbitrary 

loss may a l s o  be considered i f  desired):  

Also 
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Rearranging, T is  calculated d i rec t ly  
c1 

where c fs evaluated ( for  conveaicace) n t  tempera- 
P co*l 

d) For the increment under discussion, the baeic heat trans- 

fer re la t ion  for a surface heat exchanger is applied as 

where Uo-cl is the overall heat t ransfer  coeff ic ient  for 

the increment 0-1, Ao-tl is the heat . transfer area, and 

is the mean temperature difference between hot k . 1  

and cold f luids ,  

Ikamining individual terms, 

where hi 

inside of the tube, ho fo r  the outside (Note: the 

term recognizing conduction through the tube wall can be 

i s  the convective film coefficient fo r  the 
Os1 

O - c l  

neglected for the thin wall tubes that  a r e  normally used). 

The m e a n  temperature difference over the increment is 

= 1/2 (T + 
hO 

- vi?. (Tc + Tc* ) a,) 1 

- T c  - T  ) -  
1 cO 
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The surface area of  the  heat  exchanger is 

AO*l = (7/)(tube diameter) (tube lengthg_tl) 

Thus, t he  incremental tube length i s  expressed i n  func- 

tional notation 

tube lengtho+l 

hio--Y 
A l l  independent 

as: 

= fkho, Thy Tco, Tcl, tube diameter, 

var iab les  a r e  now known except h 
0-1 i 

and ho . These are evaluated i n  the  computer pro- 

gram by use of the  general term 
-1 

(Stanton No. ) (Prandt l  = g(Reyno1ds No.) 

The value f o r  g(Reyno1ds No.) is obtained from figures 

presented i n  reference 1 (c.f. f igures  40 through 106 

for flow external t o  the  tubes, f igures  29 through 32 

for flow i n s ide  the  tubes). 

a ae r i e s  of heat  exchangers employing d i f f e ren t ly  or iented 

tubes,  i n  various shapes and configurations. For any such 

These f igu res  per ta in  t o  

choice of heat  exchanger components, entry i n t o  the  

figures at the  appropriate value of Reynolds number 

(based on a prior hand calculation or a se lec ted  range) 

yields t h e  value f o r  g(Reyno1ds Number). 

.The l e f t  side-is rewritten a s  
1 

tube diameter - (h) (tube diameter) 

1/3 ( k2/3 1 (pu3) (Reynolds#) 
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Thus, hi and ho are each evaluated by t he  

general  expression 

M o-cl 

(cp 1/3 )( &3 ) (pu3)(Reynolds No.) (g (Reynolds No.$ 
h =  

(tube diameter) 

where the prc-yr t ies  c 

the respective f lu ids  at the respective film tempera- 

k, a n d p a r e  oval--sted f o r  
P' 

t u r e s  and the parameter g(Reyno1ds Number) is obtained 

from the  f igures  of reference 1. Each of the two film 

temperatures is assumed t o  be the mean between wall and 

bulk temperature; the wall temperature is assumed t o  be 

the  m e a n  between hot and cold f l u i d  temperature. 

3) Calculations over remaining increments 

The procedures applied t o  the  f i r s t  increment a r e  successively 

repeated over a s e r i e s  of additional increments u n t i l  the  desired 

value f o r  T 

y ie ld  overa l l  length. 

is reached. Incremental tube lengths are summed t o  
f C 

4) Repeated T r i a l s  . 
Sample r e s u l t s  are shown in Figure 2. Curves A represent 

the f l u i d  temperature prof i les  uhich would be found i f  a rela- 

t ive ly  high value of hot f l u id  flow rate, $, were selected in 

the  first attempt at computation. Curves B, represent the 

p ro f i l e s  i f  too low a flow rate were chosen (and are inva l id  

since T was not reached). Successive t r i a l s  y i e ld  the  fami- 

Xes of curves C which represent val id  solut ions f o r  the  problem. 

When a sa t i s fac tory  solution has been obtained, the weight 

of the  heat exchanger tube bundle is calculated (by hand) 

f C 

d i r ec t ly  from the value of heat exchanger tube length determined 
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by the program. 

and header) is then determined e i the r  by empirical scal ing from 

an exis t ing  similar heat exchanger or by di rec t ly  summing 

weight of these metal components needed t o  physically enclose 

the tube bundle, 

Total  heat exchanger weight (including case 

the 

The FORTRAN l i s t i n g  of t h i s  program is presented i n  Figure 

!he flow diagram for the progran is given in Figure 4. 3. 

GAS GEZVERATOR WEIGHT SCALING AND CALCULATION OF COMBINED SYSTEH 
W I G H T  

Considering weight of heat exchanger alone, i t  is seen t h a t  

weights always become successively lower as higher values of hot gas 

flow rate are considered, On the other hand, as the hot gas flow 

rate increases, the weight of the gas generator and gas generator 

propellant increases. Hence, weight optimization of the combined 

hea t  exchanger-gas generator subsystem is the per t inent  consideration 

ra ther  than the  weight of e i the r  system alone. 

The gas generator hardware weight is a r b i t r a r i l y  scaled f o r  the 

generator as 

This empirical scal ing expression w a s  derived with primary 

reference t o  a H 0 gas generator manufactured by Sundstrand 

Aviation of Denver. 

has  a throughflow of 0.0417 lb/sec. The scal ing expression is 

based on the assumption tha t  as flow rate is al tered,  only the 

2 2  
The Sundstrand un i t  weighs eight  pounds and 

cross-sectional area is changed, the length of the gas generator 

and the flow velocity remaining constant, 

is fe l t  t o  be r e a l i s t i c  f o r  flow r a t e s  of one pound per second 

or less but would be overly conservative at high flow rates. 

The scal ing expression 
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The o v e r a l l  subsystem (including gas  generator  propel lan t )  thus 

has  a weight equal t o  

exchanger weight gas generator 
at a given % )+( f o r  t h i s  5 

1 
gas generator 
propel lant  weight 

where \ I hot gas  flow r a t e ,  lb/sec, 

= cold gas (i.e., pressurant)  flow rate, lb/sec, 

mc = t o t a l  pressurant required f o r  t h e  mission. 
C 

and 

(Note t h a t  t h e  t h i r d  term of t h i s  r e l a t i o n  implies  t h a t  t h e  hot gas 

and cold gas flow concurrently.) 

As employed i n  the development s t u d i e s  under t h e  present contract ,  

a concurrent e f f o r t  had by t h i s  time es tab l i shed  c e r t a i n  paired trial 

values f o r  and m which could be expected t o  bracket thoee values 

which would exist f o r  t h e  optimum (i.e., l i g h t e s t  weight) o v e r a l l  

C C 

pressurizat ion system. Taking one of these p a i r s  of and m values, 

the subsystem weight was establ ished by the  equation above for t r ia l  
C C 

%. Side-by-side comparison at a series of d values then h values of 

i d e n t i f i e d  t h e  optimum choice of % for the  p a r t i c u l a r  values of t 

and Bo used. It must be borne i n  mind t h a t  the lowest overall. pres- 

sur iza t ion  system weight need not  necessar i ly  go hand-in-hand with 

the r i g h t e s t  heat  exchanger/gas generator subsystem. 

value each f o r  and m 
C C 

one data  point,  viz. a value t o  be included i n  t h e  weight summation 

for t h e  o v e r a l l  system. 

s e r i e s  of hea t  exchanger configurat ions then permit t h e  l i g h t e s t  

C 

C 

One tr ial  

with t h e  associated t r ia l  values of % y i e l d  

Additional trials on d c’ and &h f o r  a 

overal l  system weight 30 be ident i f ied .  



SECCND COMPUTB PROGRAX 

The second program w a s  developed t o  provide detailed information 

which would be useful fo r  in i t ia l  component design and for in-house 

confirmation of designs submitted by vendors. 

second program differs 

The logic  of the 

froln t h e  first as follows: 

1) Thermal and transport  properties for both the cold and 

hot gases are evaluated at t h e i r  respective mean tempera- 

tures*(where each m e a n  temperature is simply the arithmetic 

mean between inlet  and out le t  temperature), ire., a step- 

vise integrat ion method is not employed as i n  the first 

program . 
A "best" value of hot gas flow ra t e  is  calculated i n  2) 

place of the-previous trial-and-error hot gas flow rates. 

This is calculated as 

'hot AThot 
avg 

cold.  %ot = 'cold 'p 
=E 

where a = gas flow rate ,  

C = specific heat evaluated at the r e q e c t i v e  
..* mean temperature, P 

avg 
and AT = absolute value of the temperature change 

during flow through the heat exchanger. 

3) 

4) .Mach number is calculated at four s t a t ions  i n  the heat 

Reynolds numbers for the hot and cold gases are calculated. 

exchanger (hot i n l e t  k d  exit, cold i n l e t  and ex i t ) .  

5 )  Pressure drops within the heat exchanger are computed, 

A more r e s t r i c t ive  assumption recognizing the difference i n  temperature 
his tory pat terns  f o r  para l le l  flow, counter-flow, and cross-flow heat 
exchangers would have been desirable at  t h i s  point but would have neces- 
s i t a t ed  putting the program on a larger computer. This w a s  not desired 
due t o  the relat ively more favorable turn-around time for problem solv- 
ing on the 1620 machine, 



The method used (and sequent ia l  s t eps  followed) i n  the second 

program are as follows: 

1) Descriptive system parameters are input t o  the  program. 

For both the  hot and cold gases, the input  s p e c i f i e s  the 

in le t  pressure, molecdlar weight, and i n l e t  temperature. 

For the cold gas only, the mass flow r a t e  and the  desired 

temperature at  the  heat  exchanger o u t l e t  are spec i f ied  . 
The amount by which the hot gas temperature a t  the  heat  

exchanger o u t l e t  exceeds t h a t  for the  cold gas is specif ied.  

For the  pa r t i cu la r  heat  exchanger under consideration, 

input  parameters include the hot and cold gas s ide  hydraulic 

diameters and the  cross-sect ional  flow a reas  f o r  an a r b i -  

t r a r y  one cubic foot  tube bundle. Further descr ip t ive  

parameters -- each f o r - a  one cubic foot  tube bundle -- 
specify heat exchanger surface area, number of tubes, and 

tube bundle weight. Both the  dimensionless heat  t r a n s f e r  

parameter and a l s o  a pressure drop ( f r i c t i o n )  parameter -- 
from f igures  29-32 and 40-106 i n  reference 1 -- are speci- 

f i e d  by input t ing  ( f o r  each) the coe f f i c i en t s  A and B 

which. depict  s t r a i g h t  l i n e  fits t o  the  f igure  curves i n  

the form 

In J = A In x + Be 

(This penni ts  use of values for t he  parameters corres- 

ponding t o  t he  Reynolds numbers calculated by the  program.) 

A value for the  number of "heat transfer units" (NTU's) is 

also required and is  obtained, as appropriate,  from one of 

the f igures  2-13 i n  reference 1 or may also be calculated 



by the  expression 

where AT = hot gas temperature change through the heat exchanger 
8 - 

and ATm is the log-mean temperature difference between 

the two fluids.  

Tables of transport  and thermal properties are input as 

functions of temperature, 

2) 

3) An arbi tary tube bundle s i z e  of one cubic foot is selected 

as a first t r y  upon which subsequent i t e r a t i o n s  a re  based, 

Hotside and coldside mean temperatures are calculated, 

Hotside mean .specific heat is calculated, 

6) Calculations are made for sonic velocity 

density (from perfect gas law), flow velocity (from continuity 

equation), MACH number (from the def ini t ion) ,  and Reynolds 

number (from the definit ion).  The film coeff ic ients ,  h, fo r  

4) 

5 )  

(=I-) 9 

hotside and coldside gases are calculated from the f igures  

in reference 1 following the approach used i n  the first 

computer program, 

7) The overa l l  beat t ransfer  coef f ic ien t  is computed as 

'overall = l/(yhinside + l/houtside 1 
8) A new value for  the reqldred heat t ransfer  surface area, 

is calculated by the expression. *lid 

Y A =  new 
"overall 
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-- 

U = o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  

l b  BTU sec h r - f t  -R 

9 )  The newly calculated value of required sur face  area is 

compared t o  t h e  surface a r e a  displayed by the  a r b i t r a r y  

one cubic foot  tube bundle. 

- 2%, the  ca lcu la t ion  ceases and descr ip t ive  information 

If the  two agree t o  within 
+ 

concerning the  heat  exchanger is output. 

If t h e r e  is not an agreement t o  within 2%. a new i t e r a t i o n  

beginning with Step 6 is undertaken after f i r s t  ad jus t ing  the  

heat exchanger dimensions t o  reflect the  most recent ly  calcu- 

l a t e d  value of required surface area, A 

of dimensions is considered i n  only two of t h e  three  dimensions, 

viz, the  t w o  normal t o  t h e  hot  gas flow path. 

This adjustment new' 

Thus t h e  tube 

bundle considered i n  the  next i t e r a t i o n  is caused t o  have a 

heat transfer surface area i d e n t i c a l l y  equal  t o  t h a t  which is 

required ( a s  calculated i n  the previous i t e r a t i o n ) .  

I t e r a t i o n  is repeated unti l  the  values of required surface 

area agree t o  within 2% from one i t e r a t i o n  t o  the next, 

be FORTRAN l i s t i n g  of the program is shown i n  Figure 5. 

The flow diagram is shown i n  Figure 6. A sample output 

from the  program is shown i n  Figure 7. 
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DISCUSSION 

Close agreement e x i s t s  between typica l  r e s u l t s  obtained by 

e i t h e r  of the  two programs noted and information quoted by a 

prospective vendor. (see Table I below). 

Table I - Comparison of Heat Exchanger Computation Hethod&..For 
Helium at 5 lb/sec Flow Rate, from 37"R t o  80O0R...Hot 

Gas Entpring at  16600~ 

Hot Gas Heat &changer Dimensions 
Flow Rate Weight 

F i r s t  Program 3.60 lb/sec 110 l b s  

Second Program 3. 645 97 10" x 10" x 12" 
Vendor Data 3.62 90 10" x 10" x 12" 

The f i r s t  of t he  two programs w a s  a l so  employed t o  compare the 

performance of various prospective gas generator propellant combina- 

t ions wherein the  hot gas from the  gas generator is used d i r ec t ly  as 

the  hot  f l u i d  in a simple heat exchanger. Any desired hot gas compo- 

s i t i o n  and temperature could be 'considered by the program. 

The heat exchanger which w a 6  considered in the comparison is 88 

shown below. The results which were obtained are  shown i n  Table 11. 

Hot . 

840 t o  8 6 0 0 ~  
Temperature 
86 noted in Heat Exchanger 

Table -11 
The calculation method employed by the prospective vendor is from 
Katz, et al. 
Flowing Across Banks of Finned Tubes. 
Engineering Research Xnstitute Report No. 30, December 1954. 

Correlation of Heat Transfer and Pressure Drop f o r  A i r  
University of Michigan 
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Table XI - Comparison of Prospect ive G a s  Generator Propel lan t  
Combinations 

G a s  Generator Hot Gas I n l e t  Required Hot Gas Flow 
Propel lan ts  Temperature Rate for a Helium Flow 

Hd02 18000~ 0.55 Ib/sec 

5096 N2H,+-JW umH/N20,+ 206O0R 1.02 lb/sec 

N 2 4  H Decomposition 246O0R 0.82.1b/sec 

N2Hb Decomposition 20600~ 1.09 lb/sec 

50% N2H4-50% uDHB/H202 18220~ 1.26 lb/sec 

Rate of 0.95 lb/sec 

Resul ts  u e r e . a s  had been an t ic ipa ted .  Combustion products  from an 

H& gas genera tor  opera t ing  below 200O0R conta in  80 t o  85% H 

remainder 40. 

H t o  which the -h ighe r  performance could be a t t r i b u t e d .  Because of 

the higher  hea t  capac i ty ,  a l e s s e r  product f low r a t e  is  thereby re- 

quired through the hea t  exchanger. The results from t h i s  use of the  

computer program c o n s t i t u t e d  one cons idera t ion  which a ided  i n  i d e n t i -  

fying an H2/02  gas  genera tor  a8 being a p a r t i c u l a r l y  sound choice for 

the p res su r i za t ion  systems being considered (E and O2 were t o  be the  

onboard main engine p rope l l an t s  a6 well). 

t h e  2' 

It was the  r e l a t i v e l y  much h igher  hea t  capac i ty  of t h e  

2 

2 

ft has not  been intended t h a t  prospect ive u s e r s  of e i t h e r  of t h e  

programs diecussed i n  t h i s  paper necessa r i ly  adopt t hese  methods in 

t h e i r  present  exact form. 

a t t r a c t i v e  for u s e  i n  c e r t a i n  o the r ,  c lo se ly  a l l i e d  (but  not  i d e n t i c a l )  

Variat ions of t h e  methods might be more 

appl icat ions.  

is f e l t d t o  l i e  i n  t h e i r  ease of use  and t h e i r  fast production time 

on any of the  small digital computers p re sen t ly  i n  use. 

The p a r t i c u l a r  merit  i n  both of t he  programs discussed 

242 



ADDENDUM - SAMPLE INPUT PARAHFPEBS FOR SECOND COMPUTER PROGRAM - 
These values are suggested as sample inputs to the program. 

Fntry into the tab le  vertically is i n  accordance with the figure 
number from Kays and London. 
laminar flow portion of the curves. 
calculated for the specific case at hand. 

Values  for HA and HB are for the 
The value for XNTU must be 

,.. InFuts c-:responding to figure 92 on13 have been 
run on the computer program and appear to be satisfactory. 
remaining have not  been checked out,  

The 

.43054 - - - - - - - 
- -9,2719 - - - - - - - c 
.io318 .io318 .is59 .io318 . 15624 . 15624 

0. 538 .524 . 494 . 510 . 449 . 443 

32 .32 . . 32 575 575 
140.0 163 . 136 . 209. 82 . 98.7 

1 I I . 1848 .1545 .1742 . 1171 -2628 . 21% 
184 . 6 184.6 184.6 184.6 86.5 86.5 
72.68 82.45 72.53 92.84 35 . 22 
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ABSTRACT 

This paper reviews the use of simplified programming for digital computers in 

the analytic solution of dynamic problems associated with pneumatic pressure 
regulating systems. Techniques are presented for setting up computer programs 

which realize the advantages of numerical computations in obtaining repeatable 
quantitative results from mathematical models which are more complete and exact 
than those which are practicable for  other analytic methods. 

For illustration, a digital computer analysis of a typical pneumatic pressure 

regulator is developed. 
describing reversible f lowrates, friction, displacement limits, deadband, and 
impact and rebound of mechanical elements. 
solutions are discussed. Results are presented in tabular form and in the form 
of reproductions of cathode-ray tube displays of pressures and displacements as 
time functions. 

Nonlinear and discontinuous equations are used in 

Programming techniques for iterative 
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INTRODUCTION 

The dynamic problems associated with pressure regulating systems in general 

and pneumatic pressure regulators in particular are of continuiog concern in 
system and component design. 
transient response , and steady-state performance is invaluable in minimizing 
problems encountered in developing new hardware or in adapting existing com- 
ponents for new applications. 

Accurate prediction of dynamic stability, 

Manual computation methods, supplemented by the use of analog computers, are 
in general use for dynamic analysis. These techniques, however, are severely 
limited in describing nonlinearities and discontinuities. Manual computations 
are usually limited to completely linearized mathematical models of physical 
systems. Analog computations are frequently semilinearized within available 
computer equipment limitations, and repeatability in the results is limited by 
the accuracy and drift characteristics of the analogy and its electrical com- 
ponents. 
another physical system encourage the use of other techniques. 

The limititions inherent in analyzing a physical system by employing 

Simplified methods f o r  programuing digital computers now offer engineers the 
advantages of repeatable numerical computations. Data are obtained from 
mathematical descriptions which are more rigorous than those dictated by other 
analytic methods. In addition to the advantages of completeness, accuracy, 
and repeatability, digital computer programs can be easily stored f o r  future 
use and for modification in setting up new similar programs. A printed listing 
of a digital program is readily understood by others familiar with programming, 
and programs can usually be used at any computer facility having similar 
equipment. 



This paper reviews the  use of s implif ied p r o g r d n g  f o r  d i g i t a l  computers i n  

the  ana ly t i c  so lu t ion  of dynamic problems. 

with pneumatic pressure regulators  serve as examples. 

The pa r t i cu la r  problems associated 

DISCISSION 

FORTAAN 

A digital computer i s  designed to  operate in response t o  a spec ia l  code, or 
"machine language," which d i f f e r s  f o r  each type of computer. A programmed 

si?t of i n s t ruc t ions  f o r  a step-by-step procedure t o  be followed by a computer 

m u s t  be i n  the  machine language for t h a t  pa r t i cu la r  computer. 

The FORTFfAN (FORmula 'TRANslation) System was developed t o  enable engineers t o  

state in simple language, resembling fami l ia r  a lgebraic  notat ion,  the s teps  

t o  be executed. 

an e f f i c i e n t  machine language program, thereby re l iev ing  the engineer of a 

considerable amount of c l e r i c a l  work and minimizing human e r r o r s  by re lega t ing  

the  de t a i l ed  mechanics of coding t o  the Compiler. 

A FORTRAN Compiler ' t r a n s l a t e s  a FORTRA?: language program i n t o  

Ehgineers concerned with design synthesis  and ana lys i s  problems can readi ly  

acquaint themselves with the FORTRAN System. 

an ana ly t i c  t o o l  i s  thereby made ava i lab le  t o  analysts  who are not computer 

programming s p e c i a l i s t s .  

The use of d i g i t a l  computers as 

SAMPLE C O ~ N J W I  (FLOWIEB; DSWOT) 

A nonlinear mathematical model o f  a simple component w i l l  be developed and 

analyzed as an int roduct ion t o  the appl ica t ion  of the  FORTRAN System. 

of a complete pneumatic pressure regula tor  w i l l  follow. 

Analysis 



Figure 1 i s  a schematic of a cylinder with gas flow from supply pressure (P ) S 
through an or i f ice  of e f fec t ive  flow area (CIA1) t o  cylinder pressure (P ), 
and gas flow from cylinder pressure (P ) t o  ambient pressure (P ) through an C A 
o r i f i ce  of effect ive flow area (C$ ). A pis ton i n  the cylinder,  of cross- 

sect ional  area (%), i s  biased against  a s top  by a spring with i n s t a l l e d  load 

(Fs) and spring r a t e  (Y,). 
(FA), ass is ted by ambient pressure. 

C 

2 

The piston c a n  be displaced by an external  force 

Figure 1 includes conventional notat ion with subscr ipts  denoting spec i f ic  loca- 

t i ons  of parameters and variables.  

not a t  ion. 

This notat ion requires conversion t o  FORTRAN 

FORTRAN NOTATION 

The FORTRAN alphabet includes only upper case l e t t e r s ,  and subscr ipts  cannot be 

used. Associative and meaningful notation, however, can be devised. 

The l e t t e r s  @ and Z are slashed to dist inguish them from the symbols fo r  

0 (zero) and 2 (two). 
cates  division, while parentheses a re  used as i n  algebra. 

An a s t e r i sk  indicates  mult ipl icat ion,  and a s lash  indi-  

The conventional notation of Fig. 1 is converted t o  FORTRAN notation as follows: 

PS = pS = supply pressure (psia)  

PC ='Pc = cylinder pressure (psia)  

PA = PA = ambient pressure (ps ia )  

Fs = Fs = spring in s t a l l ed  force ( lb )  

YS = Ys = spring r a t e  (lb/in.) 

AP = ~p = piston area (in. ) 2 
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Figure 1, Schematic Flowing Dashpot 
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C1*A1 t C1 A1 = e f f e c t i v e  i n l e t  o r i f i c e  a rea  ( in .  2 ) 

c2 A* = e f fec t ive  e x i t  o r i f i c e  a rea  (in. 2 C P A 2  = 

vc 
xp = $ = pis ton  displacement ( in . )  

D$TP = 4 = dX/dt = pis ton  ve loc i ty  (in./sec) 

= V = cyl inder  volume ( in .  3 ) 
C 

xDD$TP =: 5 = d%/dt2 = pis ton  acce lera t ion  (in./sec 2 ) 

WD$T1 = G1 = i n l e t  gas  flow (lb/sec) 

WDbT2 = G2 = e x i t  gas  flow (lb/sec) 

BASIC EQUATIONS 

The bas ic  equations t o  be used i n  s e t t i n g  up a mathematical model of Fig: 1 

a re ,  i n  algebraic notat ion:  

I P * V  = W * R - T E M P  

I1 U / d t  = dW/dt R T W / V  + dX/dt P A/V 

I11 dW/dt = C A - P - S / q R  - TEMP 

N d%/dt2 = F/m 

V dX/dt = (d%/dt2 - d t )  = ld (dX/dt ) /d t  - d t  

VI X = ,f (dX/dt - d t )  

Equation I i s  the  per fec t  gas  equation of s t a t e .  

Equation I1 i s  the der iva t ive  of Eq. I, subs t i t u t ing  dV/dt = A(dX/dt), and 

descr ibes  the time r a t e  of change of pressure caused by mass enter ing o r  d i s -  

charging from a volume, and includes a pumping term i f  t he  volume is  changing 

with time. The temperature der iva t ive  i s  assumed negl ig ib le .  
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Equation 111 is the  nozzle isentropic  flow equation, corrected f o r  an o r i f i c e  

de script ion. 

Equation IV is Newton's second law of motion. Eq. V and V I  are in t eg ra l s  of 

Eq. rv, 

Having establ ished a schematic o f  the  system t o  be analyzed, with appropriate 

notat ion f o r  t he  system parameters and var iables ,  a FORTRAN Program can now be 
written, using the  basic equations i n  a manner su i tab le  for i t e r a t i v e  computations. 

In general ,  the  approach is as follows: 

1. S t a t e  parameters and initial conditions 

2. Compute forces 

3. Compute accelerat ions 

4, 

5.  

6. Compute flowrates 

7.  

In tegra te  accelerations t o  obtain ve loc i t i e s  

In tegra te  ve loc i t i e s  t o  obtain displacements 

Compute r a t e s  of change of pressures resu l t ing  from flowrates and 

Pumping 

8. Compute pressures 

9. 

10. 

11. 

Increase TIME by one increment o f  time 

Print output data  or store  f o r  cathode-ray-tube display 

Return t o  Step 2 and repeat Steps 2 through 11 until TIbE  = FIXIS 

Knowing a l l  conditions which ex i s t  i n  the system in i t i a l l j -  ( a t  Step l),  a set of 

forces are computed which correspond t o  the  exis t ing pressures and displacements. 

Instantaneous accelerations corresponding t o  the force d i s t r ibu t ion  are  then 
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computed. 

i n i t i a l  v e l o c i t i e s  are Imown, and the  newly computed a c c e l e r a t i o n s  are maintained 

Next, t h e  v e l o c i t i e s  are computed which w i l l  be obtained when t h e  

f o r  a very small increment of t i m e .  The corresponding new displacements a t  the  

end of t h e  time increment a r e  then computed knowing t h e  p r e v i e w  displacements 

and t h e  computed values  of a c c e l e r a t i o n  and v e l o c i t y .  Pressures  a t  t h e  begin- 

ning of t h e  time increment. now being lmown, the  corresponding f lowra tes  are 

then computed. 

of change of pressures  are now computed. 

time increment and t h e  rates of change of pressures  during the  t i m e  increment 

are now lmown, so t h e  pressures  e x i s t i n g  a t  t h e  end of t h e  time increment are 

now computed. The value of TIME which e x i s t e d  a t  t h e  beginning o f  t h e  s e t  of 

incremental  computations i s  then increased  by one increment of time. The d e s i r e d  

output  d a t a  can then  be p r i n t e d ,  o r  s t o r e d  f o r  a cathode-ray-tube d i s p l a y .  The 

va lues  e x i s t i n g  at the  end of t h e  t i m e  increment (Step 11) become t h e  i n i t i a l  

va lues  f o r  the next  s e t  o f  computations beginning a t  S t e p  2. S t e p s  2 through 

11 are repeated until TIME equals FINIS, t h e  programmed end of the  computer run. 

Using the  most r e c e n t l y  computed f lowra tes  and v e l o c i t i e s ,  rates 

The pressures  a t  t h e  beginning of 

When t h e  t i m e  increment s e l e c t e d  i s  small enough t h a t  a r e p e a t  computer run with 

a g r e a t e r  time increment produces e s s e n t i a l l y  i d e n t i c a l  ou tput ,  the  t i m e  incre-  

ment s e l e c t e d  i s  conservat ively small, and t h e  i t e r a t i v e  technique i s  not  i n t r o -  

ducing computation e r r o r s .  

A FORTRAN p r o g r a m  is f i r s t  w r i t t e n  manually on code s h e e t s ,  of which Fig.  2 

is  t y p i c a l .  Two l i n e s  on the code s h e e t ,  wi th  an a r b i t r a r i l y  s e l e c t e d  i d e n t i -  

f i c a t i o n  number, a r e  used f o r  each i n s t r u c t i o n  i n  t h e  program. 

t i o n  on t h e  code s h e e t s  is  then  keypunched on a separa te  card,and t h e  

i d e n t i f i c a t i o n  numbers become card  sequence numbers. 

Each i n s t r u c -  

When a deck of keypunched cards  comprising a FORTRAN program is  submitted f o r  
a computer run, a FORTRAN Compiler t r a n s l a t e s  t h e  FORTRAN source deck, and a 

new deck is keypunched i n  machine language f o r  computer use. 
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Figure 3 presents a l i s t i n g  of a FORTIWN program capable of descr ibing the  

performance of a mathematical model of the  simple system of Fig. 1. 

coluron of numbers a t  the righthand s ide  of each page of t he  listing i d e n t i f i e s  

the a r b i t r a r i l y  se lec ted  card sequence numbers which a re  used f o r  machine 

so r t ing  of the source deck. Card numbers a r e  se l ec t ed  with s u f f i c i e n t  spacing 

t o  permit addi t ional  i n s t ruc t ions  on keypunched cards t o  be added t o  a program 

as it is being ref ined.  

The 

Statements preceded by the  code l e t t e r  "C" are comment statements i n se r t ed  f o r  

information only. The Compiler ignores these i n  t r a n s l a t i n g  from FORTRAN t o  

machine language, and they do not  appear as program ins t ruc t ions .  

DEVELOPING SPECIFIC EQUATIONS 

Analysis of the dynamic performance of a mathematical model of t he  scheme of 

Fig. 1 f o l l o w s  the  general  approach previously out l ined.  

The sum of the forces  act ing on the  p is ton  i s  described by the d i f f e r e n t i a l  

e quat i on 

\f& d 2 q d t 2  + B - d%/dt + Ys % = FA - Fs - (Pc - PA) Ap 

or 

Assuming the  viscous damping coef f ic ien t  B t o  be negl ig ib le ,  the preceding 

equation can be rewr i t ten  i n  FORTRAN nota t ion  as 

WXDD$TP/G + YS*D = FA - FS - (PC - PA)* AP 

2 5 5  
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From which the piston acceleration becomes 

m m  = (FA - FS - (pc - PA) * AP - ys * xp) * ~ I w p  

For a small increment of time (T),  the velocity a t  the end of the time increment 

can be described as 

q d t  = (d%/df)l + d2Jddt2 T 

or 

where 

(%)1 = the velocity a t  the beginning of the time increment 

= the acceleration during the t i m e  increment. 

In FOBTRAN notation the equation f o r  velocity at the end of a time increment 

(T) becomes 

XD@P = 2ID$TPl + XDDflTP * T 

The displacement a t  the end of a small increment of time (T) can be described 

as 

where (%)1 is the displacement a t  the beginning of the t i m e  increment, and 
other terms are  as previously defined. 
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In  FORTRAN nota t ion  the  displacement equation becomes 

XP = XP1 + XDBTPl * T + (XDDBTP *T * k  2)/2.0 

Weight flowrate of gas i n t o  the cyl inder  from supply pressure (P ) t o  cyl inder  

pressure (P,) through o r i f i c e  a rea  (A1) is described by 
S 

= (C1 A1 Ps Sl)/JR TEMP/12 

where 

0 

= weight f lowrate (lb/sec) 

= o r i f i c e  flow coef f ic ien t  

= o r i f i c e  geometric flow area  ( in .  ) 

"1 

c1 

A1 
2 

= supply pressure (ps i a )  pS 

s1 
= f (P,{P~) ( f t  1/2 /sec) 

R = spec i f i c  gas constant (in./OR) 

TEMP = temperature ( O R )  

The flow function (S ) f o r  subsonic flow i s  defined by 1 

where 

g 

k = r a t i o  of spec i f i c  heats  (-) 

= grav i t a t iona l  constant ( f t / sec  2 ) 
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The flow funct ion (S1) for sonic flow is defined by the same expression except 

that Pc/Ps becomes a constant a t  the  c r i t i c a l  pressure r a t i o  ( ( P  /P 1 where C' s c 

Weight flowrate of gas from cylinder pressure (P,) t o  ambient pressure (P 1 
through o r i f i c e  area (Ap)  is described by 

A 

:* = (c* - A2 * Pc . s ~ ) / J R  . r~w/12 

For s impl ic i ty ,  an isothermal case is assumed with cyl inder  gas temperature 

e'qual t o  

The time 

which i n  

supply gas temperature. 

r a t e  of ch'ange of pressure i n  the cyl inder  (dP /dt )  i s  described as  C 

i, = (Gl - G2) - n - TEMP/V~ t jip - p ~ p  - pC/vc 

FORTRAN nota t ion  becomes 

PD@C = tWD$Tl - WDgTI'T:!) + R * TDlP/VC + XD@P * AP + PC/VC 

For a small increment of time ( T )  the pressure a t  the end of the time increment 

can be described by 

where 

(Pc)l = pressure a t  the  beginning of the  t i m e  increment 

0 

= t i m e  rate of change of pressure pC 
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In FOIiTRAN notat ion the  cyl inder  pressure is described by 

PC = PC1 + l?D#TC * T 

I f  TIME1 i s  the time ( i n  seconds) a t  the  beginning of a time increment ( T ) ,  the  

time at the  end of the  time increment i s  

TIME = TIME1 + T 

These are a l l  the  bas ic  equations,  in FORTRAN notat ion,  required f o r  an ana lys i s  

of t he  scheme shown i n  Fig. 1. U s i n g  these equations,  the program l i s t e d  i n  
Fig. 3 can be s e t  up. 

PROGRAMMING SPECIFIC EQUATIONS 

The program of Fig. 3 i s  not  intended as an example of sophis t ica ted  program- 

ming techniques which experienced programmers develop, but i s  designed t o  

i l l u s t r a t e  the bas ic  s impl ic i ty  of t h i s  powerful ana ly t i c  method and the  close 

associat ion between FORTRAN statements and t h e i r  a lgebraic  counterparts.  

Commonly used symbols a re  defined on the  f i r s t  page of t he  program listing, and 

the  operating conditions f o r  the computer run a r e  s ta ted .  A l l  s tatements on 

t h e  f i r s t  p e e  a re  comment statements preceded by the code l e t t e r  C. 

The f i r s t  s tep  i n  the computation procedure assigns numerical values t o  t he  

symbols representing hardware dimensional parameters. 

The second s t e p  ass igns  numerical values f o r  t he  i n i t i a l  conditions of c e r t a i n  

var iables .  

condition of s teady-state  flow from PS t o  PC t o  PA. Throughout the program 

there  a r e  no statements which nodify the i n i t i a l  values f o r  supply pressure 

(PS), ambient pressure (PA), o r  ex terna l  force (FA). 

ments f o r  piston pos i t ion  (XP), flow terms, and cyl inder  pressure (PC). & 
procram i s  therefore  s e t  up t o  determine the response of X P  and PC t o  a s t e p  

input  i n  FA at time equal t o  zero. 

The i n i t i a l  value f o r  cyl inder  pressure (PC) i s  computed f o r  the 

There a re  modifying s t a t e -  
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The next s t e p  assigns values for  the gravitational constant ( G ) ,  the r a t i o  

of gas specific heats (XK = k = C /C ), the specific gas cmstant  (R) and 

the gas temperature (TEMP). 

computing flow functions. 

the flow function ( S )  f o r  sonic flow a t  pressure ra t ios  below c r i t i c a l .  

puting SC3 requires taking the square root of an expression. 

SQaTF is a FORTRAN symbol directing the computer t o  obtain the square root of 

the expression which follows the symbol. 

m n t s  for  printing column headings f o r  a tabulation of the program output data, 

P V  
Constants are then computed for  l a t e r  use i n  

RCB is the c r i t i c a l  pressure ra t io ,  while SCR is 

Com- 

The symbol 

The next s tep  involves format s ta te-  

The preceding steps provide the computer with information which it w i l l  store, 

Start ing with card number 4200, the program begins computations which w i l l  be 

repeated for  each increment of time. 

ment for  computing acceleration i s  an a r b i t r a r i l y  selected statement number. 

The computer performs the operations indicated by each statement in the sequence 

i n  which the cards are numbered, unless otherwise instructed. 

card numbers 4200, 4300, and 4400, numerical values for  piston aceeleration, 

velocity, and position are computed i n  tha t  order. 

limited by an "IF statement. 

position (xp9) i s  negative (piston not fu l ly  stroked), the computer is directed 

to statement number 270 and continues. 

(piston fu l ly  stroked), the computer is directed t o  statement 260, XP is  set 

equal t o  23'9, the acceleration and velocity are s e t  equal t o  zero, and the com- 

puter continues. 

The number 100 which preceded the s ta te-  

As directed by 

Piston position is  then 

If piston position (XP) minus m a x i m u m  piston 

I f  (XP - XP9) is  zero or positive 

Flowrates are then computed. The constants C 1 ,  C2, C 3 ,  and C4 were computed 

previously t o  simplify the flow computations. 

(Sx =5 f (PC/Ps))requires taking the square root of an expression. 

5000 i l l u s t r a t e s  the manner i n  which t h i s  type of computation i s  directed. 

Computing the flow function 

Card number 

Pressure ra te  of change and a new pressure are then computed, and values needed 

f o r  the next i t e ra t ion  are reidentified f o r  storage. 
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Time i s  incremented. 

tabula ted  data  each time 50 i t e r a t i o n s  a re  performed. 

the amount of da t a  pr in tout  while permitt ing the use of a very small time 

increment. 

out i n t e r v a l  i s  0.00100 seconds. 

Counting statements c a l l  f o r  pr in t ing  one l i n e  of 

This technique reduces 

With an  i t e r a t i o n  time increment of 0.000020 secouds, the p r in t -  

Card 7900 d i rec t s  the computer t o  r e tu rn  t o  statement 100 (card 4200) i f  TIME 
is l e s s  than FINIS and t o  end the  computations i f  TIME is  equal t o  FINIS. 

The r e s u l t s  of a computer run a r e  pr in ted  i n  the  tabula t ion  of Fig.  4. 
TIME equal t o  zero t h e  i n i t i a l  values are pr in ted .  

pis ton posi t ion ( X P )  var i e s  from i t s  i n i t i a l  a t - r e s t  pos i t ion  t o  i t s  f u l l y  

s t roke6 posit ion.  

zero when the pis ton is f u l l y  stroked as described by discontinuous equa+'  ,ions. 

The corresponding changes.in cyl inder  pressure (PC) and i n  the two weight 

f lowrates  a r e  tabulated.  

by a nonlinear flow equation, passes from the sonic flow regime t o  the sub- 

sonic flow regime as PC/PS changes with pumping. 

as cyl inder  pressure (PC) is pumped by. ' the pis ton t o  oppose displacement, a 

condition is obtained a t  which the p is ton  dece lera tes  i n  the presence of a 

forward veloci ty .  When forward momentum i s  overcome, the p is ton  ve loc i ty  re -  

verses  u n t i l  PC decays s u f f i c i e n t l y  t o  again reverse t h e  n e t  acce lera t ion  force.  

A t  

A s  TIME progresses,  the 

Velocity and acce lera t ion  vary during s t roking and become 

It w i l l  be noted t h a t  incoming flow (WDBTl), described 

It w i l l  also be noted t h a t  

Breakaway f r i c t i o n  forces  could be added by means of addi t iona l  IF statements 

which add breakaway f r i c t i o n  t o  the p is ton  force balance t o  oppose impending 

displacement i f  the ve loc i ty  i s  zero,  and i f  the sum of a l l  other  forces  

exceeds the  f r i c t i o n  force.  I f  the ve loc i ty  i s  zero,  and i f  the sum of a l l  

other  forces  is l e s s  than the  brealcaway f r i c t i o n ,  then the ne t  force i s  s e t  at 

zero,  i . e . ,  s t a t i c  f r i c t i o n  can r e s i s t  the driving forces  but  cannot become a 
driving force.  
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Sliding f r i c t i o n  could be added by I F  s ta tements  which add f r i c t i o n  t o  the 

p i s t o n  f o r c e  balance t o  oppose v e l o c i t y  i f  v e l o c i t y  is  n o t  zero.  

E l a s t i c  rebound of t h e  p i s t o n  from i t s  s t o p s  could be added by IF s ta tements  

which state t h a t  i f  t h e  p i s t o n  touches a s t o p  while moving, t h e  r e s u l t i n g  

v e l o c i t y  w i l l  have two components. 

away from the  s t o p  with a value equal  t o  the  c o e f f i c i e n t  of  r e s t i t u t i o n  times 

t h e  approach veloci ty .  

Whether or not t h e  p i s t o n  rebounds depends on t h e  magnitudes of t h e  approach 

and rebound components. 

One component w i l l  be i n  the  d i r e c t i o n  

The o t h e r  component w i l l  be t h e  a c c e l e r a t i o n  component 

PNRIMATIC PRESSURE REGULATOR 

The a n a l y t i c  method d iscussed  f o r  t h e  simple component of Fig: 1 w i l l  now be 

extended f o r  an a n a l y s i s  of t h e  dynamics of a moael of a p i l o t - c o n t r o l l e d  

pneumatic pressure r e g u l a t o r .  

Figure 5 is a schematic diagram of t h e  regula tor .  Flow through the  r e g u l a t o r  

is c o n t r o l l e d  by the normally c losed  main valve which is pos i t ioned  by a 

diaphragm a c t u a t o r  b iased  by a b e l l e v i l l e  spr ing .  The main valve diaphragm 

a c t u a t o r  senses pressure (PRL) near  t h e  r e g u l a t o r  o u t l e t  p o r t  and a c o n t r o l l e d  

re ference  pressure (PC1). 

p o s i t i o n s  t h e  main valve t o  maintain a force  balance i n  which r e g u l a t o r  dis-  

charge pressure i s  lower than  the  c o n t r o l l e d  re ference  pressure  by an  amount 

determined by t h e  spr ing  b i a s  and by PSl a c t i n g  on t h e  valve c r o s s  s e c t i o n .  

The re ference  pressure is  maintained by a s imple,  normally open, force-balance, 

bleed-regulator  p i l o t  valve. 

aud modulates t o  maintain PC equal  t o  a p r e s e t  value above ambient pressure  

(PA). 
of i n i t i a l  p ressur iza t ion ,  flow is e s t a b l i s h e d  through t h e  normally open p i l o t  

valve from PSI t o  PC, from PC t o  PC1 and from PC1 t o  PBL. 

Under s teady-s ta te  flowing condi t ions  t h e  a c t u a t o r  

The b leed  regulator a c c e p t s  flow from El t o  PC, 

A flow path communicates PC wi th  P C L ,  and PC1 w i t h  pR1. Under condi t ions  

Wheu pC1 i n c r e a s e s  



MAIN VALVE 
DIAPHRAGM ACTUATOR 

PA 

Figure 5 .  Schematic of Pressure Regulator 
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su f f i c i en t ly  t o  crack the main valve,  f l o w  i s  es tab l i shed  from PS1 t o  PR1, and 

from pR1 t o  PR. When PC increases  t 0  overpower the  bleed regula tor  spr ing 

force ,  the  p i l o t  valve closes .  

actt iator i n  the  closing d i r ec t ion ,  the  regula tor  locks up, and flow is  terminated. 

When a flow demand r e s u l t s  i n  a decrease i n  PR, and consequently i n  PRl, flow 

i s  again establ ished from PC1 t o  PR1, and the  main valve opens f o r  flow from 

PS1 t o  PRl. 
maintain the preset  value f o r  PC. 
when force balances a re  es tab l i shed  t o  maintain PC a t  its nominal prese t  value,  

E1 s l i g h t l y  leas than PC, and PR1 s l i g h t l y  l e s s  than PC1. When flow demand i s  

terminated, the regulator  locks UP with pressures  PC, PC1, and PR1 equal iz ing 

with PR. 

When PR1 increases  t o  unbalance the main valve 

A reduction i n  PCl  and i n  PC ac tua tes  the  bleed regula tor  t o  
Steady-state flow conditions a re  a t t a ined  

I n  a pneumatic pressure regulat ing system the pressurizing time lags ,  force 

in te rac t ions ,  i n e r t i a  e f f e c t s ,  and f r i c t i o n  e f f e c t s  introduce dynamics which 

a f f e c t  s t a b i l i t y  and response. 

revers ib le .  Fr ic t ion  and valve pos i t ion  limits introduce d i scon t inu i t i e s  i n  

the describing equations. 

The equations describing flow are  nonl inear  and 

Figure 6 presents a l i s t i n g  of a F0R"RQ-H program s e t  up t o  determine the  response 

of a mathematical model of t he  regula tor  of Fig. 5 .  
is  i n  i t s  normal condition, and a s t e p  input i n  supply pressure (PS) i s  applied.  

I n i t i a l  pressurizat ion of the  regula tor  and a downstream volume is  described. 

A t  a programmed time a flow demand i s  appl ied,  and s teady-state  flow condi t ions 

a re  es tabl ished.  Flow demand i s  then terminated. 

I n i t i a l l y  the  regula tor  

In t h i s  program a more sophis t ica ted  approach i s  used f o r  f l e x i b i l i t y  i n  usage 

and f o r  minimizing computer running t i m e .  

Program and subprograms BFBRCE, FL@, and CRT. 
input  da t a  and d i r ec t s  the functioning of the subprograms. 

i s  ca l l ed  by the main program t o  compute 

force as a function of the spring geometry and displacement. 

The complete program includes a main 

The main program includes the 
Subroutine BFBRCE 

the instantaneous b e l l e v i l l e  spr ing 

Subroutine FL@ 
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i n  called by the m a i n  program t o  compute gas flow, sonic o r  --Lbsonic, as a 
function of two preesures and an effective flow area. 

a t  the completion of a computer run f o r  a cathode-ray-tube display of selected 

output data. 

Subroutine ClU! is called 

Inteqreting the l i s t i n g  of Fig. 6 *=quires a m o ~  detail familiari ty with 

FORTEUU notation than can be obtained from this brief presentation. 

statements interspersed throuqhouf the l i s t i n g  however, serve as guideposts i n  
gett ing around the foriiat jargon t o  the sal ient  features of the program. 

Comment 

The program is written so tha t  displacement, flow, and pressure transients 

occurrixg throughout the system are  a l l  computed for  each small increment of 

time. 

at any given time during a computer ruu can be treated ae continuous data even 

though 'the computations proceed i n  step-by-step fashion. 

For time inqrements i n  the order of 0.00002 seconds, the output data 

Typical output data, using the program of Fig. 6, i s  presented in Fig. 7 i n  

the form of photographic reproductiQns of cathode-ray-tube displays o f  data 

etored during a complpte run. 

frequently more useful and informative than a tabulated printout. 

variable can be selected f o r  the CET display. 

This graphic presentation of the output data is 
Any desired 

Figure 7A lists the program input data for  a typical computer run, while the 

two frames of Fig. 7B portray the output data. One frame shows pressures vs 

time, the other, displacements vs time. During initial pressurization with 

nitrogen gas, an osci l la t ion in main valve position can a l so  be detected i n  the 

pressure t races  for  PC1 and pB1 wfiich show pumping effects.  

presaurization of a 6 in.3 downstream volume, the regulated pressure overshoots 

the preset va lm of 280 psig. 
decays, and the main valve ope- prior  t o  opening of the p i lo t  valve, a t  which 

ti- the regulator modulates t o  control pressure. Oscillations in p i lo t  valve 

During initial 

During f l o w  demand, the regulated pressure 
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Figure 7. (Continued) 



and main valve pos i t ion  a re  damping out when flow is terminated, and the regu- 

l a t o r  locks up. 

pressures would converge because of bleed flow from PC1 t o  PR1. 

Had the  run been continued with flow demand terminated, a l l  

For computation purposes, a l l  pressures  are i n  PSLA. These a re  converted t o  

B I G  f o r  t he  CBT displays.  

Figure 8 portrays the r e s u l t s  of an i d e n t i c a l  run except for t he  use of helium 

as t h e  pressurant.  

greater i n i t i a l  overshoot and more v io l en t  o s c i l l a t i o n  of the  main valve. The 

regulator  i s  more osc i l l a to ry  wi th  flow demand than i n  the  similar run with 

nitrogen. 

More rapid i n i t i a l  pressurizat ion is accompanied by 

The computer run f o r  Fig. 9 is  the  same as the run for Fig. 8 except t h a t  bleed 

o r i f i c e  a rea  (A$2) has been reduced by a f ac to r  of 2. This change has l i t t l e  

e f f e c t  on i n i t i a l  pressurizat ion,  but  has a st rong damping e f f e c t  during flow 

demand. 

The computer run f o r  Fig. 10 is  the  same as the run f o r  Fig. 9 except t h a t  

5 pounds of s l i d ing  f r i c t i o n  has been added t o  the main valve ac tua tor  force 

balance, and the  run time has been extended t o  0.3 seconds. Since the ac tua tor  

is biased by a b e l l e v i l l e  spring which must s l i d e  aga ins t  the ac tua t e r  and 

against t h e  spr ing f ixed  base as the spr ing de f l ec t s ,  the inclusion of t h i s  

f r i c t i o n  force i s  r e a l i s t i c .  

A comparison of Fig. 7 through 10 indica tes  t he  e f f e c t s  of the s p e c i f i c  gas  

constant,  the  s i z e  of o r i f i c e  a rea  (A$2), and ac tua tor  f r i c t i o n .  It is 

apparent t h a t  the  configuration of Fig. 5 can be s ized  and tuned t o  conform 

with various sets of system requirements. 
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The sample computer program can be used t o  extend t h e  dynamic a n a l y s i s  t o  

include t h e  e f f e c t s  of supply pressure  range, g a s  temperature,  and downstream 

volume. The computer runs f o r  Fig. 7 through 10 i n v e s t i g a t e  the  response t o  

s t e p  i n p u t s  i n  supply pressure  and flow demand. 

can a l s o  be determined. 

The response t o  o t h e r  inputs  

Figures  7 t h r o w h  10 i l l u s t r a t e  a convenient form of p r e s e n t a t i o n  of d i g i t a l  

computer output  data.  

"15,000 p o i n t s "  i s  p r i n t e d .  

f o r  each of the  s i x  v a r i a b l e s  i n  t h e  two frames of  Fig.  10. I n  zones of f a s t  

t r a n s i e n t s ,  ind iv idua l  data p o i n t s  can be discerned.  The d a t a  p o i n t s  merge t o  

form continuous l i n e s  i n  zones of slow t r a n s i e n t s .  

I n  the  upper r ighthand corner  of Fig.  10 a s ta tement  

This  i s  t h e  number of d i s c r e t e  d a t a  p o i u t s  p l o t t e d  

Dynamic a n a l y s i s  of the r e l a t i v e l y  simple scheme of Fig.  5 r e q u i r e s  a mathematical 

model which includes s i x  nonl inear  and r e v e r s i b l e  g a s  flow d e s c r i p t i o n s .  Accurate 

a n a l y s i s  of a complete pneumatic system which inc ludes  high pressure  and l o w  

pressure  r e l i e f  valves  as w e l l  as c o n t r o l  va lves ,  a c t u a t o r s ?  e t c . ,  would r e q u i r e  

many a d d i t i o n a l  flow d e s c r i p t i o n s .  h mathematical model f o r  a pneumatic c o n t r o l  

system, f o r  example, can e a s i l y  include more t h a n  100 flow terms. 

In  t h e  program l i s t e d  i n  Fig. 6, card  numbers 10100 through 10600 c a l l  f o r  sub- 

program FLBW t o  compute f lowrates .  

t i o n ,  and sonic  or subsonic i n  regime. Any number of a d d i t i o n a l  flows can be 

computed using the same FL$W subprogram, which i s  merely a computation procedure 

f o r  t h e  or i f ice-gas-f low equat ion producing exac t  r e s u l t s .  In  comparison, an 

accura te  analogy r e q u i r e s  a nonl inear  f u n c t i o n  g e n e r a t o r  f o r  each nonl inear  

revers ib le - f low d e s c r i p t i o n ,  and t h e  number of func t ion  g e n e r a t o r s  a v a i l a b l e  

is u s u a l l y  l imited.  

Flow can be p o s i t i v e  o r  nega t ive  i n  d i r e c -  

In a hydraul ic  system, nonl inear  r e v e r s i b l e  f lowra tes  can be computed using one 

subprogram based on an incompressible f low-orif ice  equat ion.  

.. . 
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Card number 5994 in Fig. 6 calls for subprogram BF@E to compute an instantan- 

eous belleville spring force. 

spring forces could be computed using the same subprogram. 

Any additional number of nonlinear belleville 

A digital computer analysis of the simple scheme of F i g .  5 has been presented 
primarily for demonstration of a powerful analytic method which can be 

utilized by engineers with rudimentary FORTRAN training. 

advantages accruing to this method can best be appreciated when this method is 

successfully applied to complex systems which are beyond the scope of accurate 

analysis by other analytic methods. 

The overwhelming 

The purpose of this paper has been to review the application of FORTRAN pro- 
gramming and digital computers to the analytic solution of dynamic problems 

associated with pneumatic pressure regulators. 

Although the general subject of dynamic analysis of nonlinear systems and com- 

plete details of the FOR'IRAN System cannot be encompassed in a single brief 

presentation, the intent of this paper is to emphasize the simplicity of a 
powerful analytic method which is available to engineers concerned with hard- 

ware and system dynamics. 

Hopefully, the simple flowing dashpot program developed f o r  illustration is suf- 

ficiently basic to indicate the ease with which nonlinearities and discontinuities 

can be handled in setting up and analyzing a mathematical model. 

A program f o r  analysis of a pneumatic pressure regulator has been included to 

present detailed programming techniques and to indicate the capacities o€ an 

iterative method. 
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SERVOMECHANISM AppRoAcH TO FACILITY TANK PRESSURIZATION 

bY 

Sanford M. Goldstein and K u r t  J. Schurman 

ABSTRACT 

This paper discusses the achievement of v e r s a t i l i t y  i n  facil i ty-tank pressure 

regulation through the use of servosystems. 

pressure prof i le  and c r i t e r i a  f o r  the selection of hardware are given, and a case 

study of the F-1 thrust  chamber t e s t  stand is presented t o  demonstrate the corre- 

lations between analog simulation techniques and system operation. 

Methods of programming a tank- 

DISCUSSION 

ELECTROMECHANICAL VS MECHANICAL CONTROL 

The need f o r  v e r s a t i l i t y ,  accuracy of control, and convenience of operation i n  

f a c i l i t y  propellant tank pressure regulation has established the electromechanical 

servosystem as the basic control technique at Rocketdyne’s propulsion f i e l d  

laboratories. 

Mechanical pressure regulators, such as the pneumatic do= type (Fig. l), are 
being used in  t h i s  service, bat they have two inherent draw5acks which r e s t r i c t  

t h e i r  application. 

The first of these i s  caused by a variation i n  control-chamber volume with any 

sudden poppet position change. 

dome reference pressure and control chamber pressure. 

or i f ice  which allows these pressures t o  equalize is too large, the regulator 

T h i s  resul ts  i n  a temporary d i f fe ren t ia l  between 

I f  the separation plate 
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has a tendency t o  cha t te r .  

t o  approximately 1 Cps. 

increase because of a decrease i n  ne t  s e a t  force with supply-pressure decay in 

t he  s torage vessel. 

am outlet-pressure rise per 100 p s i  inlet-pressure decay of between 0.65 and 5.5 
p s i  on unbalanced designs,  and 0.50 t o  1.3 ps i  f o r  balanced uni t s .  

For t h i s  reason, response of these valves i s  l imi ted  

Secondly, the steady-state r e g d a t e d  pressure tends t o  

For various regula tors  of one manufacturer, tests have shown 

A need t o  program or regulate  i n j ec to r  or pump i n l e t  pressures c rea tes  addi t iona l  

r e s t r i c t i o n s  because of the  need f o r  overly lory sensing l ines .  Since e lec t ro-  

mechanical servosystems can respond t o  log ic  c i r c u i t r y ,  these pressurizat ion sys- 
tem may be . readi ly  incorporated i n t o  an in tegra ted  propellant conditioning system 

f o r  automated engine t e s t ing ,  

As an example, in turbopump cavi ta t ion  t e s t i n g  tank pressure must be var ied i n  

accordance with some predetermined curve. In t h i s  appl ica t ion ,  the propel lant  

normally is r ec i r cu la t ed  from the run tank through the pump and a flow r e s t r i c t i o n  

back t o  the  tank. 

pos i t ive  suct ion head a t  the pump i n l e t  becomes low enough f o r  cavi ta t ion  t o  occur. 

The pump head drop is automatically monitored and used t o  i n i t i a t e  tank repres- 

sur iza t ion ,  To prevent pump damage, repressur iza t ion  time must be minimized and, 

therefore ,  the regulator  size may be as much as an order  of magnitude la rger  than 

required for normal operation. 

The tank pressure undergoes a programed decay u n t i l  the n e t  

In another appl icat ion,  programing requirements specify a f a s t e r  tank pressure 

decay than can normally r e s u l t  from propel lant  eff lux.  A vent valve servosystem 

is  provided, and an on-off pressurizing cont ro l  valve is used t o  supply pressur- 

iz ing  gas during periods when pressure decay caused by propel lant  efflux is g r e a t e r  

than program requirements. 

In appl icat ions where hydraulic o i l  supply is not  provided, a high pressure (up to 

5000 p s i )  pneumatic ac tua t ion  system has been used f o r  modulating valve* control.  

This system u t i l i z e s  an inciustrial  servovalve modified f o r  GN2 operation and has a 

frequency response somewhat lower (10 cps t o  3 db poin t )  than a hydraulic system. 

*Equivalent terms often used are: t h r o t t l i n g ,  regulat ing,  o r  control  valve 



SYSTPl DESIGN P R O C E D U R E  

F e n  a request i s  received f o r  a new tank pressurizat ion system, a study i s  

made of operat'ing requirements t o  determine the s u i t a b i l i t y  of mechanical 

,-cgulation for the  applicetion. 

superior,  a d u a l  design and analysis  approach i s  undertaken t o  minimize develop- 

ment time and costs ,  

be sized i n  consideration of the  e f f ec t s  out l ined below. 

study i s  i n i t i a t e d  t o  determine f i n a l  system configuration and t r ans i en t  

character is t ics .  

I f  it i s  determined tha t  a seFwsystem is 

F i r s t ,  hardware i s  selected,  and modulating valves can 

Then a complete system 

UNBALANCED VS BALANCED VALVES 

The pressurizing gas storage vessels of f a c i l i t y  t e s t  stands are normally high 

pressure and, hence, r e s t r i c t  the select ion o f  a modulating valve t o  one t h a t  

is capable of service at .high i n l e t  pressures (3000 ps i  and up). Commercially. 

available valves may be categorized in to  unbalanced designs where the  actuator  

may have-to exert a large force t o  overcome those on the flow r e s t r i c t i n g  e le -  

ments of the  valve, or balanced designs where t h i s  force unbalance i s  minimized. 

Balanced valves are preferable since unbalanced valves : 

1. Require use of larger  actuators ,  hydraulic o i l  demand, accumulators, 

and servovalves with a resul t ing decrease i n  response time. 

Exhibit a large load pressure drop (i .e. ,  the  pressure drop across the 

actuator pis ton)  which makes the actuator ,  servovalve, and modulating 

valve combination nonlinear and thus l i m i t s  the use of standard servo- 

system l inear  analysis techniques. 

2. 

(Advantages and disadvantages of various types of modulating valve a re  l i s t e d  i n  

the Appendix. ) 
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USEFUL DEZTNITIQNS FOR PR0PEZU.X SIZING VALVES 

TO adequately size a valve for tank pressurization service, it becomes desirable 
to relate static and dynamic process requirements to valve characteristics. 
this end, modulating valve gain (G ) and control rangeability (Cr) are defined as 

To 

V 
Pollows : 

100 

The maximum valve flow per percent stroke at a constant valve (AP). 

Th maximum flow divided by the minimum flow ove the range of stroke where the 
slope of the actual flow characteristic is within some tolerance (K) of the 
modulating valve gain (Gv). 

The required Gv is determined by: 

1. 

2. 

3. 

Predicted depletion of gas-storage-vessel pressure during test duration. 
The valve must be adequately sized to provide sufficient gas flow at 

minimum anticipated supply pressure. 

Predicted pressure drop of the pressurizing lines and valves both 
upstream and downstream of the modulating valve. The line losses 
which may have considerable effect on valve sizing can be determined 
by the modified Darcy method and Moody chart or preferably by the 
Gas Dynamics method which indicates line choking. 

A major factor in valve sizing is the specific propellant being handled 
and the working pressure range desired. 
or noncryogenic, then the pressurizing gas simply F'as to replace the 
tank propellant efflux on a volume basis. 

heat transfer, and mass transport effects, such as condensation, 
vaporization, and absorption are superimposed on the volume rule. 

If the propellant is storable 

For cryogenic propellants, 
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The minimum required flow (6 ) a r i s e s  from a standby mode where the  system i s  2 
in the  operate configurat ion p r i o r  t o  run commencement, and tank pressure must 

be regulated with minimum ul lage and no propel lant  e f f lux .  During t h i s  period 

there  can be system leakage and/or gas absorpt ion which requi res  the modulating 

valve t o  be constantly t h r o t t l i n g  a t  l b w  flowrates.  

The slope tolerance (I<) becomes a r e s t r i c t i o n  on the  degree of nonl inear i ty  

introduced in to  t h e  closed-loop cont ro l  system through the valve flow char- 

a c t e r i s t i c .  ;In approximation t o  the  l imi t a t ion  on IC, f o r  some systems, may be 

found by Lyapunov's d i r e c t  method and Aizerrnan's conjecture (Ref. 1). 

can be determined from the ac tua l  valve flow c h a r a c t e r i s t i c  a t  constant (AP). 
It then  becomes possible t o  determine compatibi l i ty  of a given valve and a given 

system o r  conversely the  required system (G ) and (C,) can be imposed as design 

or se l ec t ion  requirements on the valve. Caution must be exercised i n  the appl i -  

ca t ion  of t h i 3  approach s ince i n  t h r o t t l i n g  serv ice  the valve (AP) i s  not 

Valve (K)  

V 

constant,  and the system nonl inear i ty  i s  d i f f e r e n t  than observed from the  valve 

flow cha rac t e r i s t i c .  

- 
A TYPICAL SYSTEM 

Figure 2 i l l u s t r a t e s  a t yp ica l  tank pressure cont ro l  system. 

ponents are:  

The main com- 

1. 

2. 

3. 

4. 

Electronic  con t ro l l e r  

Servovalve (This i s  a p i l o t  valve which responds proport ionately t o  

amplif ier  voltage and dr ives  the  modulating valve). 

Modulating valve, ac tua t ion ,  and pos i t ion  feedback transducer. 

Transducer (This senses tank pressure which i s  compared t o  des i red  

reference pressure t o  the  con t ro l l e r ) .  
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The c o n t r o l l e r  cons is t s  of two s o l i d - s t a t e  o p e r a t i o n a l  a n p l i f i e r s ;  i ts  input  is 

t h e  pressure set  point ,and t h e  output  d r i v e s  t h e  servovalve for modu1ating valve 

posi t ioning.  

(inner loop) and by t h e  tank  pressure  t ransducer .  

po lar ized  e l e c t r i c a l  torque motor and two s t a g e s  of hydraul ic  power ampl i f ica t ion .  

The f i rs t  hydraulic s t a g e  ( f l a p p e r  s t a g e )  conver t s  t h e  e l e c t r i c a l  s i g n a l  i n t o  a 

d i f f e r e n t i a l  pressure d r i v i n g  the  second s t a g e  s l i d i n g  spool.  

servovalve t o  the a c t u a t o r  i s  e s s e n t i a l l y  propor t iona l  t o  spool p o s i t i o n  f o r  con- 

s t a n t  supply pressure and modulating valve loading. 

Closed-loop c o n t r o l  i s  provided by t h e  va lve-pos i t ion  t ransducer  

The servovalve c o n s i s t s  of a 

Flow from the  

With t h e  c o n t r o l l e r  i n  t h e  "operate" mode, tank  pressure  is sensed by a t ransducer  

and compared t o  a set poin t  voltage propor t iona l  t o  t h e  d e s i r e d  tank pressure.  

The resulting voltage d i f f e r e n c e  is i n t e g r a t e d  by the f i r s t  o p e r a t i o n a l  ampli- 

f i e r  t o  generate  a c o n t r o l  s i g n a l  vo l tage  whose magnitude i s  dependent on both  

t h e  magnitude of t h e  d i f f e r e n c e  ( e r r o r )  vo l tage  and the  length  o f  time it  e x i s t s .  

The c o n t r o l  s igna l  i s  ampl i f ied  by the  second opera t iona l  a m p l i f i e r  and i s  the 

input  t o  t h e  servovalve f o r  modulating valve ac tua t ion .  

The modulating valve i s  mechanically l inked  t o  the p o s i t i o n  feedback t ransducer  

t o  produce a vol tage propor t iona l  t o  t h e  lnodulating valve pos i t ion .  This posi-  

t i o n  vol tage i s  f e d  back t o  t h e  second opera t iona l  a m p l i f i e r  i n  such a manner 

t h a t  i t  concels  t h e  c o n t r o l  vol tage when t h e  r e g u l a t i n g  valve has been pos i t ioned  

in  such a way t h a t  the  tank  pressure i s  caused t o  approach the  d e s i r e d  tank  

pressure  r e g i s t e r e d  a t  t h e  s e t  point .  

I 

A CASE STUDY 

Fuel tank  pressure on a n  F-1 t h r u s t  chamber s t a n d  a t  Edwards Rocket S i t e  w a s  

c o n t r o l l e d  by a servosystem schematical ly  (Fig.  2 ) .  

r e q u i r e  f u e l  tank pressure  t o  be wi th in  30 p s i  of set  point  (1600 t o  1800 p s i )  

a t  t h e  beginning of  main stage, and wi th in  15 p s i  500 mil l iseconds l a t e r .  I n  

t h e  s ta r t  sequence, t h e  f u e l  tank is prepressur ized  t o  approximately 125 p s i  

f i x t u r e  r a t i o  t o l e r a n c e s  
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below s e t  point. 

100 milliseconds l a t e r  the controller is  switched t o  the operate mode. Follow- 

iq another 100 milliseconds delay, an opening signal is given t o  the main fuel 

valve. 

The modulating v a l w  seats  are retracted from the b a l l ,  and 

Problems became apparent during a thrust  chamber s t a 3 i l i t y  t e s t  program. 

severe tank pressure dip of between 100 and 200 psi w a s  prevalent during the 

fuel-flow start transient,  and can be seen from Run 239 i n  Fig. 3. Because of 

the c r i t i c a l  nature of the rbquirements, it was decided t o  develop an analog 

simulation and investigate system operation with regard t o  servovalve s ize ,  

actuator s ize ,  flow-area t r i m ,  and controller compensation. 

A 

VALYE EQUATIONS 

The equations describing ball-valve rotation as a function of servovoltage 

were derived by reference t o  Fig. 4, which shows the modulating valve actua- 

t ion system and a schematic based on the following assumptions: 

1. Hydraulic o i l  is  incompressible. 

2. qrllamic e f fec ts  of servovalve supply l ines  may be disregarded because 

of the accumulatdr a t  the supply port. 

Both actuators are identical  and may be treated as a single unit with 

twice the piston area. 

Viscous damping and f r ic t ion  i n  the actuator can be neglected. 

3. 

4, 

Servovalves are  four-way valves in  which the hydraulic o i l  supply and return 

areas (A) are  always equal and proportional t o  spool position and signal 

current. 
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SYSTEM 
r l O  FEET X 5/8 INCH 

VALVE ACTUATORS / IO FEET X 1/2 INCH . 1 
I 

24 FEET X 3 4  INCH 

- 
HYDRAULIC 

II 

SUPPLY w 

HYDRAULIC 
SUPPLY 

SIMULATION- SCHEMATIC 

Pigare 4. Modulating Valve Actuation System 



The weight flowrate of hydraul ic  o i l  (W) through t h e  servovalve can be re- 

l a t e d  t o  pressure drop by: 

R 9 $ = P , - P  3 

where 

For symbols see 

0.116 
A2 

page 320 

The servovalve supply l i n e  pressure  l o s s  is:  

R1 ? = P s - p1 

The pressure  drop between t h e  servovalve and a c t u a t o r  c l o s i n g  p o r t  i s :  

- 2  = L  i + R  W '3 - 'B 3 3 (3) 

where 

R and L - e f f e c t i v e  r e s i s t a n c e  and i n e r t i a  of t h e  connecting l i n e  3 3 -  

The f lowra te  out  of t h e  opening p o r t  (i)  can be descr ibed  as a func t ion  of p i s t o n  

v e l o c i t y  (i) : 

\j = A A Y k  (4) 

where 

AA = p i s t o n  a r e a  i n  opening p o r t  
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From Assumption 1, it can be seen t h a t  the flowrates i n t o  and out of the double 

a c t i w  cylinder d i f f e r  by the r a t i o  (k) of the  areas on e i t h e r  s ide  of the 

piston. 

me approximately a l ike ,  i t  can be shown: 

Since the res i s tance  and i n e r t i a  of the pressurizing and return l ines  

2 PB = k (P, - PA) 

P* = P S - k2PA Closing 

where 

By introducing t h i s  k-ratio it is possible t o  simulate properly the  pressure 

d i s t r ibu t ion  caused by the area difference on the rod s ide  of the pistons.  

proper equation i n  Equation 5 was chosen i n  the mechanization by using the 

polar i ty  of the  servovoltage t o  actuate a relay.  

The 

When a b a l l  valve is p a r t i a l l y  open, the pressure d i s t r ibu t ion  inside the b a l l  

passageway i s  uneven and causes a considerable closing torque. 

is  zero when the valve is  f u l l y  open or f u l l y  closed because of symmetry, and 

has a maximum at  some intermediate b a l l  posit ion.  

This flow torque 

Angular accelerat ion of the  b a l l  is developed by the difference between the  

actuator  and flow torques. 

(PA AA - PB $) &cos ( e -  45")  = TL + JB8 

&os ( 8  - 45") w a s  approximated by an e f fec t ive  lever  arm &'to y i e ld  

PA = k PB + 
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where 

8 P ball r o t a t i o n  

T = load torque L 

The load torque (TL) has  been a major f a c t o r  a f f e c t i n g  response c h a r a c t e r i s t i c s .  

In t h i s  s tudy,  the load torque vs b a l l  p o s i t i o n  curve was determined on the  b a s i s  

of cons tan t  pressure a t  the  valve i n l e t  and s imulated through use of a diode 

func t ion  generator .  

The ba l l  r o t a t i o n  w a s  found t o  be approximately l i n e a r  wi th  a c t u a t o r  s t r o k e :  

Since t h e  response of t h e  servovalve is  much f a s t e r  than t h e  modulating va lve ,  

it w a s  assumed the servoflow a r e a  (A)  was l i n e a r  with c u r r e n t  (is): 

A = k  i 
2 s  (9 )  

- 
A lag e x i s t s  between servovalve vol tage  (V,) and c u r r e n t  (i ) because e f f e c t i v e  

c o i l  r e s i s t a n c e  (R ) and inductance ( L e f f ) :  
S 

C 

d i  

vs = is Rc + k f f  dt 

The valve pos i t ion  feedback vol tage  (Ef) is  l inear  with a c t u a t o r  s t r o k e :  

E f = k j X = k  8 3 
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DESCRIBIKG EQUATIONS FOR FUEL TANK 

I n  t h i s  system the fue l  was noncryogenic, and the  tank process equations w e r e  

wr i t ten  on a volume-flow basis using perfect  gas equations: 

BT (Mo + bM) 
pt = vo + Lsv 

The init ial  mass of gas 

vo 

m O  
Mo = - 

The increase of mass in 

f lowrates : 

(Mo) in t h e  ullage space (Vo) is: 

( 12) 

t h e  ullage space can be found from pressurizing gas 

U l l a g e  vblume increase (AV) i s  found from f u e l  f lowrates (if): 

The fuel-flow curve from the  main-tank valve opening was p lo t ted  as a function of 

time and simulated with a diode function generator. 

j u s t i f i e d ,  since it w a s  the ra te  of change of fue l  flow, not the steady value, 

t h a t  w a s  found t o  have a major e f f e c t  on pressure t rans ien ts .  

This approach w a s  f e l t  

The pressurizing gas  flowrate through the choked modulating valve is:  
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where 

S = a function of t he  modulating valve upstream t o  throat-pressure r a t i o  
which f o r  GN2 under c r i t i c ' a l  flow equals  3.88. 

Valve flow a rea  

open and increases nonl inear ly  t o  ma.ximum flow a rea  a t  90 degrees. 

t i o n  generator  was used f o r  t h i s  simulation. 

= f ( 8 ) ,  and i s  zero u n t i l  t h e  b a l l  i s  approximately 20 percent 

A diode func- 

The pressure feedback transducer provides a voltage l i n e a r  with pressure : 

= k  P E t  4 t 

GN2 FEED SYSTM 

Because of long lenth of feedl ine  between the b o t t l e  bank and propel lant  tank,  

both l i n e  i n e r t i a  and compressibi l i ty  e f f e c t s  have t o  be considered. This i s  

achieved by considering the t o t a l  l i n e  t o  be made up of several  sec t ions  each 

having a lumped i n e r t i a  and 'comprcssibi l i ty  f a c t o r  ( f i n i t e  difference approach). 

The number of required sec t ions  i s  d i c t a t ed  by the frequency t o  which the ove ra l l  

aodel  i s  t o  be described, and can be determined f r o m t h e  so lu t ion  of a ladder 

network with similar end conditions (Ref. 2). 

The so lu t ion  t o  the  ladder network as presented i n  t h i s  reference is:  

r n  
2n s i n  - r = 1,2,3 ... 2 -- 

wr -%E 
where 

w = resonant mode 

L = lump i n e r t i a  

C = lump capacitance 

r 
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ru IT 

2 n - 8  
For small s i n e  arguments, i . e . ,  -C - , t h e  above s o l u t i o n ,  f o r  a f l u i d  sys- 

tern, is  i n  agreement w i t h  c l a s s i c a l  a c o u s t i c  theory.  

s t i t u t i q  f l u i d  equiva len t  inertia and capaci tance i n  t h e  above equat ion  and 

consider ing 

This  can be shown by sub- 

3 
2 C =  
a 

where 

4, = lump l e n g t h  

A = duct  area 

a = a c o u s t i c  v e l o c i t y  in  f l u i d  media 

where 

CT = t o t a l  l i n e  length = nd 

Thus, f o r  example, when n = 8 ,  r = 1, and n = 8 ,  r = 2 

and 

2 a a  w =- 2 -a w - -  
1 -  2 5  ' 2 tT 

which agree wi th  a c o u s t i c  theory.  
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For t h e  GN2 system s t u d i e d ,  f requencies  t o  t h e  f i r s t  a c o u s t i c  mode were con- 

s i d e r e d  p c r t i n c n t ,  requi r ing  a four -sec t ion  d e s c r i p t i o n  of t h e  f e e d l i n e .  

Since 

1' 7T 7 < -  and r = 1 - 
2 n - 8  

for 

y j -18  T lr , n 2 4  

(23) 

The descr ib ing  equat ions were w r i t t e n  as fo l lows ,  using e l c c t r i c a l  network theory 

w i t h  re ference  t o  F i g .  5 .  

Figure 5 .  E l e c t r i c a l  Simulat ion of the Nonlinear 
Pressuring Pipe Conditions 

.. 
PB - P1 = R W12 + L W1 

Equations 25 and 26 are t y p i c a l  of each lumped s e c t i o n .  
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The electronic- controller has pressure and position amplifier transfer func- 

tions given by: 

v 
= k, S 

kl ( f S  + 1) 
- and 

Eo - Ef S EO = Et - E 
S 

where gain(%) is adjustable from unity to open loop gain of the operational 
amplifier (approximately 200,000),  and the lead time constant ( r )  can be set at 
any value between 0 and 0.8 second. 

This simulation was performed on a Beclunan Ease Model 1130 analog computer, and 
described nonlinear resistances by means of squaring circuits and actuation delays 
by relays driven from a time base. 

In Fig. 3 correlation between this simulation and run data is shown by tank pres- 
sure curves f o r  Run 239. 
damping than the real system by stabilizing in the tolerance bank after the second 

pressure overshoot which itself is lower than that in the physical system. 
the completion of Run 239 the modulating valve was removed for service. 
friction between the ball and seats was found which may account for the discrepancy 
observed. 
optimizing system performance. 
and lead settings for 60,  40, 25 ,  and 15 gpm servovalves. 
use of a 60 gpm valve and co'ntroller settings of% = 4 and r = 0 .8  second would 
meet system requirements. Additional runs demonstrated that actuator size and 
modulator valve orifice adjustments would not further improve regulation. 

The computer curve seems to exhibit slightly more 

At 
Fzcessive 

It vas felt correlation was close enough to provide information for 
Runs were made to find optimum controller gain 

Indication was that 

Figure 6 shows correlating pressure traces for simulated and actual Run 245 which 
incorporated these changes. 

The study further indicated that the initial buildup and subsequent decay of 
fuel flow caused by increasing thrust chamber pressure was the major factor 
causing pressure fluctuations. 
for  the F-1 uprating program and the marginal manner in which present pressure 

In view of the need for higher flowrates requested 
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regulating requirements a r e  m e t ,  it has been decided t o  inves t iga te  the addi- 

t i o n a l  use o f  fuel flow fecdbacb (Fig. 2). 
t h a t  the  flow s igna l  is d i f f e ren t i a t ed  and used t o  dr ive  the  modulating valve 

f u r t h e r  open i n  an t i c ipa t ion  of tank pressure decay. Figure 7 ind ica tes  t h a t  

it may be possible  t o  fu r the r  improve the  system so that it i s  within 10 p s i  of 

se t  point 900 milliseconds before mainstage. 

The simulation has been changed so 
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APPENDIX 

Comparison of severa l  types 02 nodulating valves* which hayre been used a t  Rocketdyne 

T e s t  F a c i l i t i e s .  

Type of Valve Advantages 

Gate Valve 
C 

V Large - r a t i o  s i z e  

But te r f ly  

B a l l  Valve 

C 
V Large - r a t i o  s i z e  

C 
V Large - r a t i o  s i z e  

(Ball-valve regulators  
are i n  continuous re l i -  
ab le  use a t  Rocketdyne 
F i e l d  Laboratories. ) 

Disadvanttqes 

(1) Standard designs must be modi- 
f i e d  f o r  modulating valve 
service.  

hys te res i s  and requi res  l a rge  
actuator .  

(2) Excessive f r i c t i o n  c rea tes  la rge  

(1) Relat ively large flow torque when 
p a r t i a l l y  open necess i t a t e s  use 
of la rge  ac tua tors  

Two paclcings which may cause 
ex terna l  leakage with wear. 

When p a r t i a l l y  open b a l l  s h a f t  
torque is excessive and requi res  
large actuators .  

Rack and pinion ac tua tor  l inkage 
i s  subject  t o  wear and introduces 
backlash. 

pos i t ion  transducer t o  high-g 
loads (whipping) and requi res  
use of f l e x  l i n e s  f o r  hydraulic 
o i l  supply and r e tu rn  which may 
contaminate o i l  with elastomeric 
pa r t i c l e s .  
Flow torque tends t o  c lose valve 
causing a nonlinear pos i t ion  
response 

(2) 

(1) 

(2) 

(3) Pivoted linkage subjec ts  l i n e a r  

(4) 

*Equivalent terms of ten  used a re  : t h r o t t l i n g ,  regulat ing,  or cont ro l  valve 
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Type of Valve 

Regulator with 
f l u t e d  in- l ine 
Foppet 

Single -poppe t 
globe valve 

Balanced-plug 
angle valve 
(Fig. 8 )  

Advan t w e  s Disadvantxes  

Designed f o r  5000 psig Actuator i s  ins ide  the valve i t s e l f  
operating pressure.  and is  therefore ,  inaccessible .  

Medium - r a t i o  not necessar i ly  objectionable i f  a 
C In t e rna l  leakage i s  considerable,  but 
1- 

s i z e  separate  shutoff  valve e x i s t s .  

Very good r e l i a b i l i t y .  Unbalanced poppet requi res  large 
Commercially avai lable  ac tua tor  and large hydraulic o i l  
up t o  6000 psig operat- supply. External spli t-body l e a k y e  
ing pressure.  S p l i t  may occur i n  cryogenic service.  
body f a c i l i t a t e s  s e a t  
replacement. Minimum Small - r a t i o  
i n t e r n a l  leakage be- 
cause of s o f t  s ea t .  
Poppet can be l i nea r  or 
any des i red  character-  
i s t i c .  (Ample experi-  
ence with these valves 
a t  Rocketdyne Fie ld  
Laboratories. ) 

Small stem force.  Two i n t e r n a l  leakage paths (not nec- 
Small actuator .  e s s a r i l y  objectionable i f  a separate  
Minimum hydraulic shutoff  valve e x i s t s ) .  Valve s e a t  
o i l  demand. Minimum replacement i s  d i f f i c u l t  unless spe- 
response time. c i a 1  treatment of the seat-r ing 
Sol id  single-body thread prevents ga l l i ng .  
design is  a good 
sa fe ty  fea ture .  
(Some experience was 
gathered a t  Santa 
Susana F ie ld  Labora- 
t o r i e s  which i s  
encouraging f r o m  the 
standpoint of 
r e l i a b i l i t y  . ) 

C 
V 

s i z e  
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AXIAL 
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BALANCING 
CHAMBER 

FLUSHING 
CONNECTION 

PLUG GUIDE 

PLUG 

t 
Figure  8. Balanced-Plug Angle Valve 
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NOKEXCLATURE 

A 

A 

C 

C 

C 

EO 

Ef 

Et 

*S 

GN2 

JB 

kl' 9, kp +4 

6 

i 
9 

k 
K 

4 
c 
4. 

cT 

LJ 
Leff 

Mo 
A M  

L 

= effect ive servovalve f l o w  area (supply area equals re turn  
area), f t 2  

annular pis ton area,  near s ide (rod s ide) ,  f t  

2 = internal  cross-sectional area of pressurizing pipe, f t  
= 2 

= piston area,  f a r  s ide (no rod), f t  2 

2 = throat area, modulating valve, f t  

= 

= discharge coeff ic ient  

= 

= control ler  output voltage 

= valve posi t ion feedback voltage 

= tank pressure transducer s ignal ,  vo l t  

hydraulic o i l  veloci ty  i n  e f fec t ive  area A, f t /sec 

lump capacitance of pressurizing pipe sect ion 

= se t  point voltage 

= gravi ta t iona l  acceleration 32 .2 ,  f t /sec 

= gaseous nitrogen 

= servovalve current ,  amperes 
= 

= piston area ratio 
= gain 

= proportionali ty constants 

= lump length o f  pressurizing pipe section, f e e t  

= length of b a l l  lever a r m ,  f e e t  

= effeckive b a l l  lever  arm, f ee t  

= t o t a l  length of pressurizing pipe, f e e t  

= 

= 

= torque motor  c o i l  inductance, Henry 

= i n i t i a l  gas mass in ullage,  ib  sec2/ft  
= 

2 

2 mass momentum of i n e r t i a ,  moving ball-valve pa r t s ,  f t  lb/sec 

+A 

lump i n e r t i a  of pressurizing pipe section 

hydraulic i n e r t i a  of tubing between cylinder and servovalve 

increase of gas mass in ullage, l b  sec/ft  
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n = number of lumped pressurizing pipe sections 

2 = initial tank pressure, lb/ft absolute 

= 

= 

= pressure in "near" chamber of cylinder, lb/ft absolute 

= pressure in "far" chamber of cylinder, lB/ft absolute 

= pressure in gas pressure vessel, lb/ft absolute 

= modulating valve inlet pressure, lb/ft absolute 

= hydraulic oil supply pressure, lb/f t absolute 

= tank pressure, lb/ft absolute 

= pressure between lumped pipe sections, lb/ft absolute 

9 
servovalve inlet pressure, lb/ft' absolute 

servovalve return pressure, lb/ft' absolute 
9 

p1 

p3 

pB 

pB 

pa 
pS 

pt 

2 

2 

2 

2 

2 

2 

2 
PI, P2' p3 

r 
B 
E 

R3 
BC 
B 

G E  
9 

S 
t 

T 

To 

TL 

vO 

integer designating first mode and harmonics 

gas constant, ft/"R 

lump resistance of pressurizing pipe section 

hydraulic resistance of tubings between cylinder and servovalve 

torque motor coil resistance, ohm 
servovalve hydraulic resistance 

modulating valve hydraulic resistance 

Laplace transform operator 

flow coefficient 

time, seconds 

average temperature in tank ullage, OR 

initial temperature in tank ullage, OR 
load torque (torque exerted on ball-shaft by flowing gas), ft lb 

initial ullage volume, ft 3 

= servovalve voltage vs 
n v  = ullage volume increase, ft'/sec 

% = fuel flowrate, lb/sec 
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. .  

t = weight f lowrate ,  hydraulic o i l ,  lb/sec 

= weight f lowrate through modulating va lve ,  l,b/sec 'JRn; 
= pis ton  s troke ,  f e e t  

= pis ton  v e l o c i t y ,  f t / s e c  

CREEK LETTERS 

= dens i ty ,  hydraulic o i l  o r  l i q u i d  f u e l ,  lb / f t  3 Y 

8 = b a l l  angular p o s i t i o n ,  radians 

r = t i m e  constant 

w .  = resonant mode, radians lsec  r 

W = son ic  v e l o c i t y  i n  f l u i d ,  f t / s ec  
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SECTION I 

INTROD UCTI ON 

This paper has been prepared in response to many inquiries regarding the 
application of cryogenic helium storage to propellant tank pressurization 
systems. The high weight penalties associated with corwentional helium storage 
systems have prompted the development of a Supercritical Helium Storage and 
Supply System for this application. 

Storage o f  he1 ium at extremely low temperatures and super-crit ical pressures 
yields fluid densities much greater than the liquid density. Figure I shows 
the range of densities possible with the supercritical helium concept. The 
fluid,density selected for an optimized system is dependent upon the mission 
requirements. During both storage and fluid delivery, the heliuiri is a single- 
phase fluid; thus, no two-phase problems are encountered during operat ion. 

To date, missile and space vehicle propulsion systems have used either 
high-pressure gas storage or the more advantageous method of iiirnet-sing the 
high-pressure storage vessel in a low-temperature propellant in order to in- 
crease densities and thus reduce weight penalties. This latter concept is 
limited, however, to applications in which a cryogenic fluid is utilized as 
the spacecraft prope.1 lant. Combining the advantages of both storage techniques, 
supercritical storJge can provide the low tankage weight and volume possible 
with the cryogenic imnersed-storage concept for applications where cryogenic 
propellants are not used or where inniersion is not considered practical. 
Figure 2 provides a weight penalty coniparison for the various helium storage 
sys terns. 

Recent investigations have been made of he1 ium storage requirements For 
cryogenic helium vessels leading to minimum weight and volume penalties. To 
maintain the required cryogenic he1 iuin temperatures, i t  is necessary to store 
the fluid in a vacuum-jacketed, superinsulated vessel that minimizes heat 
transfer from the ambient environment to the low-temperature he1 iuiii. Recent 
state-of-the-art advances in flight-weight, high-performance cryogenic storage 
systems have made this achievement possible. 

The concept described herein should thus be of interest to designers of 
propulsion systems for present and future spacecraft of extreme complexity 
for longer-duration missions, 
and the weight penalties associated with high-pressure gas storage are intol- 
erable. 

in which cryogenic propellants are not anticipated 

The balance of this report concerns a typical system and its operation. 
Emphasis is placed upon the fundamentals and techniques involved in design of 
a supercri t ical he1 ium storage vessel. 
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SECTION 2 

DESCRIPTION AND OPERATION OF SUPERCR.ITICAL 
CRYOGENIC-HELIUM STORAGE VESSELS 

DESCRIPTION 

A simp1 ified schematic of a typical insulated vessel for supercritical 
cryogenic helium storage is showrr in Figure 3 .  The vessel consists of con- 
centric, spherical inner and outer she1 I s .  each fabricated ft-oiv ti taniutii a1 loy 
hemispheres welded together in an inert gas atrmspherc. Five semirigid fiber 
glass support pads serve to sep.arate the inner from the outer sphere. 
annulus between the inner and the outer spheres is filled with a super- 
insulating material such as aluminized Mylar and is evacuated to approximately 
IO-’ mn Hg. Although for simplification the connections between the inner and 
outer spheres are shown as straight lines in Figure 3, they would actually be 

The 

routed through the insulation to give a long heat-leak path. 
fabricated from titanium, which has exceptionally low thermal 
The internal heat exchanger, located inside the inner sphere, 
tube attached to a copper sphere, which provides the extended 
for efficient heat transfer. 

The lines are 
conductivity. 
consists of a 
surface required 

0 P ERAT I ON 

A specially designed ground fill system is required to fill the cryogenic 
storage vessel. The ground fill system is capable of supplying liquid helium 
and high-pressure gaseous helium at lOoR or lower. Using the ground fill 
system, the flight vessel is firs’t filled with liquid helium and then pressurized 
with l O o R  high-pressure he1 ium to the predetermined design f i I 1  pressure; 
maximum density storage i s  obtained by this method. 
pressure measurements will indicate when the fill density is attained. 

The temperature and 

When the fill is completed, the storage vessel enters the standby phase. 
Standby is defined as the time between vessel fill and when,fluid delivery 
will first be required. During standby, ambient heat leak through the vessel 
insulation and connecting lines causes the fluid storage pressure to rise. 
When the maximum storage or vent pressure i s  attained i.e., 3200 ps.i, furthur 
pressure buildup is prevented by venting through the high-pressure relief 
valve. 

Helium delivery issstarted by opening the solenoid-operated shutoff valve. 
A s  fluid is withdrawn from the storage vessel, it passes through the external 
heat exchanger (No. I )  and the helium temperature is raised to approximately 
500°R. The liquid propellant is an excellent heat source for this purpose. 
From the external heat exchanger, the warm helium enters the bypass control 
valve, where it is either diverted through the vessel internal heat exchanger 
or delivered to the supply line. The bypass control valve diverts the warm 
helium into the internal heat exchanger whenever the operating pressure drops 
below the operating pressure band. The warm helium gas flowing through the 
internal heat exchanger has the effect of warming the stored fluid in the 
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vesse l  and increas ing  t h e  s t o r a g e  pressure.  The c o o l e d  h e l i u m  gas l e a v i n g  t h e  
i n t e r n a l  heat exchanger then passes through t h e  e x t e r n a l  heat  exchanger (NO. 2), 
where i t  i s  again warmed t o  a s u i t a b l e  d e l i v e r y  temperature.  Once t h e  operat- 
i n g  o r  s torage pressure increases t o  t h e  d e s i r e d  leve l ,  t h e  bypass c o n t r o l  
v a l v e  d i r e c t s  the  h e l i u m  s t r a i g h t  t o  t h e  supp ly  l i n e ,  i n  c e r t a i n  designs, t h e  
bypass c o n t r o l  v a l v e  can be e l im ina ted ,  and a l l  t h e  d e l i v e r y  f l u i d  i s  passed 
through t h e  i n t e r n a l  heat  exchanger. The system pressure  r e g u l a t o r  c o n t r o l s  
t h e  gas d ischarge pressure  t o  t h e  d e s i r e d  d e l i v e r y  pressure.  

SECTION 3 

TECHNICAL D I S C U S S I O N  

GENERAL 

The des ign o f  a s u p e r c r i t i c a l  s to rage vessel  f a l l s  i n t o  f o u r  genera l  
c a t e g o r i e s :  . thermodynamic design, h e a t - t  r a n s f e r  cons i d e r a t  ions, s t r u c t u r a l  
and m a t e r i a l  cons iderat ions,  and general  des ign  and weight  o p t i m i z a t i o n .  Each 
of these areas must be c a r e f u l l y  cons idered i n  o r d e r  t o  des ign a minimum- 
weight, h i g h l y  r e l i a b l e  p r e s s u r i z a t i o n  system c o n s i s t e n t  w i t h  t h e  m o s t  s t r i n g e n t  
des ign ob jec t ives .  

T h i s  r e p o r t  cons iders  o n l y  s p h e r i c a l  vessels, because they  represent  t h e  
l i g h t e s t  c o n f i g u r a t i o n .  The q u a l i t a t i v e  conclusions, however, a r e  a p p l i c a b l e  
t o  many o t h e r  c o n f i g u r a t i o n s .  

THERMODYNAMIC D E S I G N  

The thermal des ign  o b j e c t i v e  f o r  a W p e r c r i t i c a l  s to rage system i s  t o  
p r o v i d e  an adequate i n s u l a t i o n  system t h a t  w i l l  enable t h e  f l u i d  t o  be s t o r e d  
for. a s p e c i f i e d  standby peri 'od. 
and capping, b e f o r e  d e l i v e r y  o f  t h e  s t o r e d  f l u i d  i s  i n i t i a t e d .  Two b a s i c  
methods may be e m p l o y e d f o r  accompl ish ing t h i s  o b j e c t i v e .  . 

Standby r e f e r s  t o  t h e  p e r i o d  a f t e r  f i l l  i n g  

The f i r s t  method, nonvented standby, c o n s i s t s  of f i l l i n g  t h e  vessel  w i t h  
the amount o f  f l u i d  r e q u i r e d  to .accompl ish  t h e  m i s s i o n  and d e s i g n i n g  t h e  
i n s u l a t i o n  so t h a t  t h e  amount o f  heat  t r a n s f e r r e d  t o  t h e  h e l i u m  d u r i n g  t h e  
s p e c i f i e d  standby t i m e  does not exceed t h a t  amount which would cause t h e  
pressure  t o  r i s e  t o  t h e  maximum a l l o w a b l e  p ressure  b e f o r e  t h e  p r e s s u r i z a t i o n  
system i s  operated. 

I n  many instances where t h e  standby t i m e  requirement i s  v e r y  long, i t  
may be more f e a s i b l e  t o  f i l l ' t h e  vessel  w i , t h  more f l u i d  than would n o r m a l l y  
be necessary t o  meet m i s s i o n  requirements.  The h e l i u m  p r e s s u r e  i s  a l lowed t o  
b u i l d  up, and then t h e  excess f l u i d  i s  vented u n t i l  t h e  system i s  r e q u i r e d  
for  p r e s s u r i z a t i o n  usage; t h i s  method i s  c a l l e d  vented standby. T h i s  concept 
should b e  used when t h e  we igh t  o f  t h e  vented f l u i d  combined w i t h  any r e s u l t a n t  
inc rease i n  tankage weight  i s  l e s s  than t h e  we igh t  o f  t h e  a d d i t i o n a l  i n s u l a t i o n  
t h a t  would be r e q u i r e d  t o  meet t h e  nonvented standby requirement.  The use of 
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vented standby, With the associated possibility of using the vented fluid to 
re m v e  heat that is being transmitted through the insulation by means of a 
vapor cooled shield, will not be discussed further in this report. 
should be considered, however, when it i s  desirable to provide cryogenic 
helium storage for long-duration standby. 

This method 

Fundamental Thermodynamic Equations 

The thermodynamic characteristics and the resultant heat input and insu- 
lation requirements are determined by application of the first law of thermo- 
dynamics. For this development, the thermodynamic system considered consists 
of the mass of stored fluid at any time. The first law as applied to this 
system can be written as: 

' A  d E = q - w + E  - din ( 1 )  a 

where 5 = total internal energy of the fluid in the vessel 

9 = infinitesimal quantity of heat input to the system 

- w = infinitesimal quantity of work 

E = internal energy of the exit stream 

m = total stored mass 

a 

Differentiation of the relation between enthalpy and internal energy 
results in: 

where 5 = total enthalpy 

- V = total volume 

P = vessel pressure 

The work term in Equation ( I )  i s  given by: 

w = Pdl - P V dm ( 3) 
a - 

where Pdl = the work performed by the stored fluid due t o  a volume change. 

PVa dm = 

Subscript a = the fluid properties of the exit stream in the event 

the work performed on the fluid exiting from the vessel 

11 I I  

they vary from the state of  the stored fluid mass 

Combining Equations (I)  and (3) results in 

CJ = d l  - VdP - Hadm (4) 
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T h i s  e q u a t i o n  can b e  i n t e g r a t e d  for e v a l u a t i o n  of f i n i t e  changes. For 
t h e  case o f  a constant-volume s to rage vessel, t h e  i n t e g r a t e d  form i s  

where 9 = t h e  q u a n t i t y  of t o t a l  heat  i n p u t  over t h e  f i n i t e  t i m e  i n t e r v a l .  

Equat ion (5) i s  t h e  form of t h e  f i r s t  law t h a t  i s  most u s e f u l  fo r  des ign  
purposes- 

Basic  Considetat  ions 

. For t h e  case of nonvented standby, t h e  mass of t h e  s t o r e d  f l u i d  does no t  
change, and Equat ion ( 5 )  becomes 

Due t o  t h e  r e l a t i o n s h i p  between i n t e r n a l  energy and e n t h a l p y  (5  = - H - Pl), 
t h i s  equat ion  can be 

Q = E  -2 - 
When put on a d 

dE d e  = - i 

w r i t t e n  as 

-1 E 

f f e r e n t i a l  r a t e  basis,  Equat 

which, upon in tegra t ion ,  y i e l d s  

(7 )  

on ( 7 ) ,  can be w r i t t e n  as 

where 8 = t h e  standby t i m e  

4 = t h e  ambient heat  l e a k  r a t e  

To p e r f o r m  t h e  i n d i c a t e d  i n t e g r a t i o n ,  t h e  r a t e  of heat  t r a n s f e r  t o  t h e  cryogen 
9 must be expressed as a f u n c t i o n  o f  t h e  i n t e r n a l  energy of t h e  s t o r e d  f l u i d .  
Thus, i n  p r i n c i p l e ,  a d e f i n i t e  t a n k  geometry must be cons idered and a t r a n s i e n t  
heat  t r a n s f e r  a n a l y s i s  conducted t o  compute t h e  standby t ime. 

I n  prac t ice ,  t h i s  t r a n s i e n t  a n a l y s i s  i s  unnecessary f o r  two reasons. 
F i r s t ,  t h e  temperature change of  t h e  s t o r e d  f l u i d  d u r i n g  pressure  b u i l d u p  
i s  moderate. Second, due t o  t h e  c h a r a c t e r i s t i c s  of t h e  terms which c o n s t i t u t e  
4 ,  the  heat  t r a n s f e r  r a t e  is o n l y  s l i g h t l y  a f f e c t e d  by these moderate f l u i d  
temperature changes. Tak ing CJ as an average value, t h e  standby t i m e  i s  g i v e n  
by : 52 - Ll 

4 e =  
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The amount of thermal protection or insulation required t o  meet a speci- 
f ied standby time is a function of the initial F i l l  state, the final state 
at the end of the standby period, and the quantity of fluid contained in the 
vessel. 
the weight of residual fluid remaining in the tank at the end of the delivery 
period. The determination of residual will be discussed later. In order t o  
maintain a c m o n  basis of comparison, all systems discussed in this report, 
except where specifically stated, will be designated for an initial fluid 
density of 11.4 lb pet cu ft and an initial fill pressure of 1000 psia. The 
maximum operating pressure will be considered to be 3000 psia. Equation (6) 
can then be used to determine the total amount of heat transfer allowed, so 
that the standby time requirement can be met. 

The total weight of fluid stored differs from the usable weight by 

The actual fluid-state path followed during withdrawal is dependent on 
the initial pressure, the energy input t o  the system, and the flow schedule 
required t o  pressurize the propellant. Equation (5) can be used and inte- 
grated over the flow rate schedule t o  solve for the pressure, internal tem- 
perature, and time history of the fluid. From this relationship, it can be 
seen that the residual fluid remaining in ihe vessel may be calculated as a 
function of energy input to the fluid. Figure 4 shows a typical withdrawal 
path for a specified condition. This curve is presented as a typical example 
and should be used anly as an indication of the behavior that may be expected 
from a supercritical helium system during fluid delivery. It is only after 
detailed mission requirements are analyzed that an optimum system may be 
designed t o  accomplish a particular end application. 

HEAT-TRANSFER CONSIDERATIONS 

' The various modes of heat transfer t o  the inner vessel and important 
design features are discussed belcw. The insulation used is part of a 
weight-optimized system and must have high thermal efficiency and lw weight. 
The type of insulation that has been shown to be consistent with these 
requirements, and is often referred to as superinsulation, consists of mul- 
tiple layers of highly reflective radiation shields separated by a low- 
conductivity material. 

The two promising kinds of superinsulation are: 
polyester film and (2) layers of aluminum foi 1 separated by fiberglass paper. 
The low-conductivity material is the polyester film in the first, and the 
fiberglass paper in the second. Both of these insulation systems must be 
used in conjunction with a vacuum level of at least mn Hg in order t o  
minimize residual gas conduction. Under these circumstances, apparent thermal 
conductivities of these materials have been found by measurement t o  have ideal 
values of approximately 4 x IO-' Btu-ft per hr-ft*-'R. This apparent thermal 
conductivity includes heat-transfer effects due to radiation, conduction, and 
convection (residual gas conduction). 
7.5 x IO" Btu per hr-ft-OR, Figure 5 shows the heat-transfer rate through 
the insulation as a function o f  the thickness for various vessel diameters. 

( I )  layers of aluminized 

With an assumed thermal conductivity of 

Heat transfers through lines penetrating the annulus and the intravessel 
supports also contribute t o  heat transfer to the helium. 
can be calculated by Fourier's equation of heat conduction. 

These heat leaks 
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A s  was stated in the previous section, fluid expulsion requires the 
simultaneous addition of energy. 
by electrical heat input, by simultaneous electrical. heating combined with 
fluid-to-fluid heat transfer, or by fluid-to-fluid heat transfer alone. 

This addition of energy may be accomplished 

The flow rates usually required for a pressurization system are generally 
so large that electrical power penalties preclude the use of electrical heating 
alone as the energy source. Fluid-to-fluid heat transfei is generally the most 
acceptable method for fluid expulsion. 
steps: ( I )  fluid withdrawal is initiated and the fluid is diverted through 
an external heat exchanger, which transfers heat to the fluid; ( 2 )  the fluid 
i s  run back through a heat exchanger that is located inside the storage 
vessel; ( 3 )  the helium then Leaves the storage vessel and flows into the 
propellant tank to initiate pressurization. Waste heat from the spacecraft 
or from some other heat source must be provided for the external warmup heat 
exchanger. 

This method consists of the following 

VESSEL DESIGN 

Typical storage vessels for the supercritical helium consist of two 
concentric spherical shells separated by an evacuated insulation space. The 
inner vessel contains the cryogenic fluid at operational pressures and tem- 
peratures, and the outer vessel is exposed to ambient pressure and temperature. 

An intershell support system is required to transmit loads between the 
shells. The design of the intershell mounts is extremely critical because a 
large percentage of the vessel heat leak is normally carried through these 
supports by direct conduction. The inherent difficulty is that'the thermal 
insulation requirements demand'minimal contact area between the tanks, yet 
large structural-loads must be transmitted through the same supports. In 
addition, appreciable changes in radial clearance between the shells will 
occur because of the large temperature difference between the inner and outer 
tanks when cryogenic fluid is stored in the inner vessel. Despite the change 
in radial clearance, the intershell supports must continue to hold the inner 
shell rigidly in place without introducing appreciable local stresses. This 
recurring problem in the design of high-performance cryogenic tanks has led 
to the development of numerous support devices, ranging from stacked insu- 
lated washers to support rings on the inner and outer shells that are con- 
nected by rods, wires, or metal bands. These supports have the comnon 
disadvantages of intricate fabrication procedures,. and transmittal and 
amplification of dynamic loads to the inner shells. 

A novel method of support has already proved successful under severe 
vibration, shock, and thermal load conditions associated with the Project 
Gemini program. The annular space is largely filled with a non-load-carrying 
superinsulation. Support of the inner shell is accomplished bj the use of 
equally spaced, compressed fiberglass pads. With the proper choice of pad 
density, size, and location, a suitable support can be designed to hold the 
inner shell for the various environmental shock and vibration loadings which 
may be encountered. The compressibility of the fiberglass support pads is 
sufficient to easily absorb the radial-clearance changes due to thermal 
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effects without loss in holding effect. Precompression of the pads results 
in an energized (sel f-strained) structural system. 
loading, less cyclic deflection and, consequently, less incremental force is 
experienced by the supports. The resonant frequency of the inner shell 
mounting can be tuned by varying the stiffness or the compressibility of the 
fiberglass support pads; the maximum amplification factor i s  2.0 tu 3.0 at 
resonance. The inner shell structure then is isolated from the high g-level 
vibratory inputs at the high frequencies. Conversely, loadings due to the 
support pads on the outer shell support structure are materially less than 
those associated with more rigid inner-shell support methods. 

For a given vi bratory 

Reinforcement rings are unnecessary for thc inner shells. The pad load- 
ing on the inner shell is much lower than internal prc.sure loading, and the 
influence of pad loading tends to reduce membrane s t r e s s e s  in the shell with 
little or no bending. Pad precompression loads are designed so that they are 
Ipw enough to preclude inner shell buckling when the inner vessel is not 
pressur i zed. 

NATERIAL CONSIDERATIONS 

Besides the tensile. strength-to-density ratio, the problem of low- 
temperature brittleness is o f  critical importance in the selection o f  materials 
f o r  cryogenic applications. There are several methods for evaluation of mate- 
rial touahness, often referred to in terms of  resistance to brittle fracture 
(or notch sensitivity); these include determinations of tensile elongation 
value, notched-to-unnotched tensile strength ratio: energy required to initiate 
and propagate a crack, charpy \/-notch tests, etc. In general, a combination 
of tensile elongation and notched-to-unnotched tensile strength ratio provides 
the information for the selection o f  the most suitable material. 

After extensive studie's, the titanium alloys Ti-TAI-LV ELI and 
Ti-5AI-2.5 Sn E L I  appear best suited f o r  the inner shells, since they have 
the highest strength-to-density ratios at cryogenic temperatures. For the 
outer shell, either titanium or aluminum are considered the best metals. 
Titanium is generally selected because of better fatigue characteristics 
and manufacturing compatibility. 

WEIGHT OPTIMIZATION 

To arrive at the minimum weight design for a supercritical cryogenic 
tank, it is necessary to investigate all the environmental and performance 
requirements, the various combinations o f  design parameters which will meet 
these requirements, and the effect o f  these combinations of design parameters 
on the total tank weight. The requirements fall into the following categories: 

a. Usable fluid weiqht 

b. Standby time 

c. Buildup time 

d. Delivery pressures 
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e. Vibration levels 

f .  Acceleration levels 

g. Shock levels 

h. Temperature levels 

i .  Electrical power characteristics 

In designing to meet these requirements, the following general .parameters 
can be varied: 

a. fill pressure 

b. Residual density 

c. Fluid weight vented 

d. Percent o f  initial fill 
e. Vent pressure 

f. Minimum operating pressure 

g. Internal heater on and off pressure 

h. Pressure decay path 

Selection of a combina’tion o f  these parameters will define the details 
of a tank design which includes the items which contribute to the weight. 
These details will include: 

a. Fluid .f i 1 1  weight 

b. Internal heater and quantity gauge configuration 

c. Inner shell diameter and thickness 

d. Interwall support configuration 

e. Interwall line configurations 

f .  Insulation configuration 

g. Outer shell diameter and thickness 

h. External support configuration 

There is a complex relationship between the tank requirements, the 
general design parameters, and the design details. Generally speaking, a 
change in one’variable will result in changes in many o f  the design details, 
and a change in one o f  the design details will affect conformance to a number 
of the requirements. 

Because these quantities involve such complex interrelationships, a 
meaningful optimization procedure must treat upon all of them simultaneously. 
If i t  were possible to establish an overall functional relationship between 
the filled tank weight and all the variables, then they could be treated 
simultaneously by analytical means with LaGrange multipliers. I t  has not been 
found possible to obtain such an expression without making unrealistic 
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assumptions about i t s  form,  so t h a t  the  a n a l y s i s  ceases tc  have p r a c t i c a l  
value. A n  a l t e r n a t e  method i s  a v a i l a b l e  which p e r m i t s  these v a r i a b l e  t o  be 
cons idered s imu l taneous ly  w i t h o u t  t h i s  disadvantage. 

The method u t i l i z e d  i s  based on the use o f  d i g i t a l  computer techniques, 
r a t h e r  than a n a l y t i c a l  techniques. A program i s  used t h a t  s e l e c t s  the com- 
b i n a t i o n  o f  des ign  parameters which r e s u l t  i n  the lowest t o t a l  weight ,  w i t h o u t  
assuming any paramet r ic  r c l d L i o n s h i p s  between the v a r i o u s  q u a n t i t i e s .  T h i s  i s  
accomplished by f i r s t  determining- t h e  t o t a l  weight: f o r  the tank  corresponding 
to se lec ted  combinat ions of design parameters which s a t i s f y  t h e  tank  r e q u i r e -  
ments and then s e l e c t i n g  the combinat ion which y i e l d s  the  lowest t o t a l  weight .  
I n  a r r i v i n g  a t  these weights ,  the program cons iders  t h e  f l u i d  therrrodynamics, 
t h e  system heat t r a n s f e r ,  the  s t r e s s  a n a l y s i s  o f  the  s h e l l s  and supports,  
and the  c o n s t r a i n t s  wh ich  manufactur ing c o n s i d e r a t i o n s  p l a c e  upon the  design. 
The combinat ions o f  des ign  parameters a r e  chosen t o  cover a range s u f f i c i e n t  
i n c l u d i n g  a l l  the  combinat ions which might  y i e l d  the  minimum weigh t  tank. 

The sequence o f  o p e r a t i o n s  i n v o l v e d  i n  t h i s  program i s  as f o l l o w s :  A 
s e t  o f  des ign parameters i s  chosen based on a system which increments t h e  
parameters one a t  a t ime i n  a manner to assure t h a t  a l l  p o s s i b l e  combinat ions 
w i l l  occur.  W i t h  t h i s  s e t  o f  parameters, the volume and we igh t  of t h e  f l u i d  
fill can be der ived.  The weight and volume o f  the capaci tance gauge and 
i n t e r n a l  heat  transfe.r s u r f a c e  can then be found. The d iameter  th 'ckness, 
and we igh t  o f  the  i n n e r  s h e l l  can then be determined. These i tems represent  
a l l  the weight  supported by the f i b e r g l a s s  pads; t h e r e f o r e ,  the  r e q l i i r e d  pad 
area  can then be found. 

The a l l o w a b l e  heat t r a n s f e r  r a t e  d u r i n g  standby can be o b t a i n e d  from t h e  
r e q u i r e d  standby t ime, f l u i d  p r o p e r t i e s ,  and des ign parameters b e i n g  used. 
With t h i s . i n f o r m a t i o n ,  p l u s  the pad area and i n n e r  vessel  dimension, i t  i s  
p o s s i b l e  t o  determine t h e  i n s u l a t i o n  th ickness needed t o  meet the standby 
requirement.  The o u t e r  s h e l l  d iameter i s  then f i xed ,  and i t s  th ickness  and 
we igh t  can be c a l c u l a t e d .  A t  t h i s  p o i n t ,  the  t o t a l  we igh t  supported by the  
e x t e r n a l  r i n g  i s  known, and the r i n g  s i z e  and we igh t  can be found. T h i s  
d e f i n e s  a tank  which w i l l  s a t i s f y  the  standby requirements.  The p r e d i c t e d  
performance o f  t h i s  t a n k  i s  then compared t o  t h e  requi rements imposed by 
t h e  m i s s i o n  f l o w  p r o f i l e .  I f  i t  does n o t - s a t i s f y  these requirements,  the  
program r e t u r n s  t o  t h e  a p p r o p r i a t e  p o i n t  i n  the  p r e v i o u s  c a l c u l a t i o n  and 
redesigns the  t a n k  so as to meet these requirements.  When a tank  has been 
found t h a t  s a t i s f i e s  a l l  o f  the requirements,  i t s  t o t a l  weight  i s  compared 
to the t o t a l  we igh t  o f  t h e  tanks c a l c u l a t e d  for  d i f f e r e n t  Combinations o f  
des ign  parameters. The des ign parameters f o r  the  l i g h t e s t  t h r e e  tanks a r e  
s tored,  and t h e  nex t  s e t  of design parameters i s  chosen; t h e  whole process 
i s  then repeated. When a l l  the combinat ions o f  des ign  parameters have been 
considered, the  c h a r a c t e r i s t i c s  o f  t h e  l i g h t e s t  t h r e e  tanks a r e  p r i n t e d  ou t .  
The number o f  combinat ions considered can run  i n t o  the thousands f o r  a com- 
p l e x  s e t  o f  requirements.  

Once t h i s  minimum weigh t  c o n f i g u r a t i o n  has been e s t a b l i s h e d ,  the  e f f e c t s  
o f . v a r i a t i o n s  i n  the des ign  parameters can be i n v e s t i g a t e d  t o  determine the 
weight: p e n a l t y  assoc ia ted  w i t h  these changes. T h i s  p e r m i t s  t r a d e o f f s  
i n v o l v i n g  f a c t o r s ,  o t h e r  than t a n k  weight .  t o  be made i n  a q u a n t i t a t i v e  manner- 
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